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FOREWORD

Laboratory data are critical to the understanding of the
properties and genesis of a single pedon, as well as to the
understanding of fundamental soil relationships based on
many observations of a large number of soils. Development
of both an analytical database and the soil relationships
based on those data are the cumulative effort of a
generation of soil scientists at the Soil Survey Laboratory
(SSL).

Noteworthy were the efforts of Mr. Benny Brasher, retired
SSL Research Soil Scientist, who was responsible for the
design of the laboratory database and the Primary and
Supplemental Characterization Data Sheets. His work has
made possible the accumulation of analytical data for over
10,000 soil pedons.

Many project reports and scientific journal articles have

been written that explain the use and significance of the

data produced at the SSL. The need for a single

comprehensive volume that compiles the accumulated knowledge
of these laboratory data has been recognized for many years.
Upon completion of the SSL Methods Manual (Soil Survey
Investigations Report No. 42, 1992), Mr. Laurence E. Brown,
former Analytical Staff Leader at the SSL, recommended that
such a document be given high priority.

Dr. Rebecca Burt, editor of the SSL Methods Manual, is the
author of this document. She has compiled the knowledge of
laboratory data from reports and papers written by

scientists both within and outside the SSL. She included
numerous citations to help the user find greater detail in

the analytical data of interest.

Many soil scientists from the National Soil Survey Center

(NSSC) served as reviewers for the various sections of the
manual related to their areas of expertise. Noteworthy were

the efforts of Dr. Ellis G. Knox, National Leader for Soill

Survey Research, whose suggestions and comments have added
value to the technical merit of this manual.



PREFACE

The Soil Survey Laboratory (SSL), National Soil Survey
Center (NSSC) is responsible for providing accurate and
reliable soil characterization data for the National Resource
Conservation Service (NRCS) National Cooperative Soil Survey
(NCSS) Program. The SSL data are provided in reports, e.g.,
Primary and Supplementary Characterization Data Sheets and in
various electronic forms, including tapes, disks, and CD-ROMs.
These reports are the end product of the analytical system and
are a means to transmit information to the users of these
data. It follows that these data reports must be complete,
accurate, and understandable. In addition, these reports
provide historical documentation for future reference.

Pedon characterization data, or any soil survey data, are
more appropriately used when the operations for collection,
analysis, and reporting these data are thoroughly understood.
The purpose of this document is to describe the SSL
characterization data reports to maximize user understanding
of these data. This document IS notintended as an
interpretive guide for soil characterization data.

Included in this document is a brief discussion of
sampling methodology and its role in soil analysis. While the
definitions, protocols, and applications of the various types
of samples and sampling plans are beyond the scope of this
document, the importance of sampling as a critical step to
successful soil analysis is described. After the discussion
on sampling is the description of the SSL Data Sheets, which
includes information about sample origin and identification,
method documentation, general conventions in reporting data,
and finally, a column-by-column explanation of the Primary and
Supplementary Characterization Data Sheets. This document
contains an extensive appendix, which includes example SSL
data reports and pedon descriptions (Appendixes I - 11);
laboratory preparation codes (Appendix Il); soil textural
triangle (Appendix IV); example particle-size distribution and
water retention curves (Appendix V - VI); basic chemistry
terminology (Appendix VII); mineralogy codes and methods
(Appendix VIII - X); quality assurance terminology (Appendix
XI); data unit conversions (Appendix Xll); and example NRCS-
SOIL-8 (Appendix XIlII).

The example pedon descriptions in the appendix are those
made at the time of sampling and therefore may not be uniform
in quality or terminology, as soil description techniques have
changed over time. Field estimates at the time of sampling
are in themselves considered important and have been retained,
even though these estimates sometimes



vary with SSL data. The record of what was perceived at the
time of sampling is deemed to be more important than the
achievement of complete editorial uniformity.

The NRCS-SOIL-8 form is a soil data index from which
laboratory data are made available to NCSS cooperators. This
index includes pedon classification, location data (latitude
and longitude, county, soil survey area, and state), data
source, and kinds of analyses available.

Trade names are used in the manual solely for the purpose
of providing specific information. Mention of a trade name
does not constitute a guarantee of the product by the U.S.
Department of Agriculture, nor does it imply an endorsement by
the U.S. Department of Agriculture.

Cover: Profile and laboratory data of Marquez soil (clayey, mixed, thermic Typic Haplustult)
from Leon County, Texas.
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1. INTRODUCTION

Critical to any measurement program that collects
analytical data over a long period of time for comparative
purposes is the quality and credibility of those data
(Taylor, 1988). Equally critical is that these data are
easily understood by the user. Many uses of these data
include, but are not limited to, routine soll
characterization, special analyses, soil classification,
interpretations, and soil genesis and geomorphology studies.
Because of the diverse uses of these data, it follows that
pedon characterization data, or any soil survey data, are
more appropriately used when the operations for collection,
analysis, and reporting of these data are well understood.
Results differ when different methods are used, even though
these methods may carry the same name or concept.
Comparison of one bit of data with another is difficult
without knowing how both bits were gathered. As a result,
operational definitions have been developed and are linked
to specific methods. Soil Taxonomy  (Soil Survey Staff,
1975) is based almost entirely on criteria that are defined
operationally, e.g., standard particle-size analysis. When
Soil Taxonomy  (Soil Survey Staff, 1975) was written, the
authors knew that no conceptual definition of clay could
be approximated in all soils by any feasible combination of
laboratory analyses. Hence, instead of defining clay, the
authors defined the operations to test the validity of a
clay measurement and a default type of operation for those
situations in which the clay measurement was not valid. The
operational definition helps to describe a soil property in
terms of the operations used to measure it. In this
document, operational and conceptual definitions are
discussed.

2. SAMPLING METHODOLOGY

Several requisites to successful soil analysis occur
long before the sample is analyzed. In the field, these
requisites include site selection, descriptions of site and
soil, and careful sample collection (Soil Conservation
Service, 1984). In the laboratory, careful sample
collection and preparation are also requirements to
successful soil analysis.

Information about the soil sampling site serves as a
link between the soil sampling point and the soil horizon
and landscape (Canadian Soil Science Society, 1993). The
purpose of any soil sample is to obtain information about a
particular soil and its characteristics on the landscape on
which it occurs. Sampling provides a means to estimate the
parameters of these soil characteristics with an acceptable
accuracy at the lowest possible cost. Subsampling may also
be used because it permits the estimation of some



characteristics of the larger sampling unit without
measuring the entire unit. Subsampling reduces the cost of
the investigation but generally decreases the precision with
which the soil characteristics are estimated. Efficient use
of subsampling depends on a balance between cost and
precision (Petersen and Calvin, 1986).

The project objectives form the basis for designing the
sampling strategy. A carefully designed sampling plan is
required to provide reliable samples for the purpose of
sampling. The plan needs to address the type and number of
samples, the details of collection, and the sampling and
subsampling procedures to be followed. There are various
kinds of sampling plans, e.g., intuitive and statistical,
and many types of samples, e.g., representative, systematic,
random, and composite. Refer to Appendix XI for quality
assurance terminology. In the field, the SSL has more
routinely used intuitive sampling plans to obtain
representative samples. The intuitive sampling plan is one
based on the judgment of the sampler, wherein general
knowledge of similar materials, past experience, and present
information about the universe of concern, ranging from
knowledge to guesses, are used (Taylor, 1988). A
representative sample is one that is considered to be
typical of the universe of concern and whose composition can
be used to characterize the universe with respect to the
parameter measured (Taylor, 1988). In the laboratory, the
primary objectives of sample collection and preparation are
to homogenize and obtain a representative soil sample to be
used in chemical, physical, and mineralogical analyses (Soll
Survey Laboratory Staff, 1992).

The analyst and the reviewer of data assume that the
sample is representative of the soil horizon being
characterized. Concerted effort is made to keep analytical
variability small. Precise laboratory work means that the
principal variability in characterization data resides in
sample variability, i.e., sampling is the precision-limiting
variable. As a result, site-selection and sample collection
and preparation are critical to successful soil analysis.

The SSL field sampling, laboratory sampling and
subsampling, and laboratory preparation procedures are
documented in the Soil Survey Investigations Report (SSIR)
No. 42 (Soil Survey Laboratory Staff, 1992). Refer to
Appendix Il for SSL laboratory preparation codes. These
codes are also noted on the SSL data reports.



3. SOIL SURVEY LABORATORY DATA REPORTS
3.1 General Information

In 1976-1977, the SSL created, and has subsequently
maintained on a computer, an analytical laboratory database,
pedon description database, and NRCS-SOIL-8 Index of
laboratory data for soils sampled by the previous three
regional SCS laboratories (Beltsville, Riverside, and
Lincoln) and the SSL. These databases are used to generate
various other special databases, reports (SSIR's), and data
evaluation studies.

The SSL reports are in a standard format that provides
uniformity in reporting and enhances communication. This
standard format has changed with time as new code sets have
been developed reflecting the changes in established methods
as well as the adoption of new methods. Subsequently, all
the SSL data sheets are not the same.

The runner head at the top of the Primary and
Supplementary Data Sheets provides pertinent non-analytical
information about the soil pedon. Example SSL Data Sheets
are presented in Appendixes | and Il. The example pedon in
Appendix | (Caribou soll) is used to explain the general
information that is provided on all SSL Primary and
Supplementary Characterization Data Sheets.

a. Soil Sample Origin: County, State
or
Country  (if other than USA)

Example : Aroostook County, Maine

b. Laboratory Name and Location:

U.S. Department of Agriculture

Natural Resource Conservation Service
Soil Survey Laboratory

National Soil Survey Center

Lincoln, Nebraska 68508-3866

C. Date: Print Date
Example : Print Date 08/01/94
This date is when the SSL characterization Data Sheets

are printed and does not reference the dates of sampling or
completion of analytical results.



d. Client-Assigned Laboratory Number: Soil Survey Number

Example : S88ME-003-001

S = Special sample

88 = Calendar year sampled

ME = Two character (alphabetic) Federal Information
Processing Standards (FIPS) code for state where
sampled

003 = Three digit (numeric) FIPS code for county where
sampled

001 = Consecutive pedon number for calender year for
county

e. Pedon Name and Classification: Sampled as and Revised
to
Example :
Sampled as: Caribou; Fine-loamy, mixed, frigid Typic
Haplorthod

Revised to: Caribou; Loamy-skeletal, mixed, frigid
Typic Dystrochrept

f. Project File Numbers: SSL - Project
Example : SSL - Project 88P 127, (CP88ME188) WEPP Maine

The Soil Survey Laboratory (SSL) is the identification
notation for computer records. The project number (88P 127)
is a sequential number used in an algorithm to derive a
computer record number for the specified fiscal year, e.g.,
October 1987 to September 1988. Sequential numbers are
assigned in order of project receipt. An additional project
code (CP88ME188) is provided in parentheses. This
alphanumeric project code is referenced in all project data
correspondence. Notations in this project code identify
whether the project is considered a characterization project
(C); the type of SSL database storage (P = permanentvs R =
reference or "grab” samples); fiscal year (1988), alphabetic
FIPS code for state (ME = Maine), and a sequential project
number assigned (188) in order of project receipt. Project
code is followed by a project name (WEPP Maine).

g. Laboratory-Assigned Numbers: Pedon and Sample Numbers
Example : Pedon 88P 722, Samples 88P 3855 - 3860

Immediately upon receipt, soil samples are logged into
the SSL system. The assignment of unique laboratory numbers
is an important step in the "chain of custody” sequence as
they help to ensure the integrity of results, i.e., there
has been no "mix-up" of samples.



The pedon (88P 722) and sample numbers (88P 3855 -
3860) are unique laboratory-assigned numbers for the
specified fiscal year (1988). The pedon number is used to
derive a random access record number in the SSL data base
(hierarchical) for direct access to the file for retrieval
of analytical data. The sample number is a sequential
number that serves a similar purpose and also appears on the
first tiers of the Primary and Supplementary Data Sheets.

h. General Laboratory Methods: General Methods
Example : General Methods 1Bla, 2A1, 2B

Some SSL methods are general or applicable to all the
samples listed on a particular data sheet. These procedures
are referenced by SSL method codes, e.g., laboratory
preparation method 1Bla and conventions for reporting
laboratory data, 2A1, 2B.

3.2 Soil Survey Laboratory Methods

The SSL ensures continuity in its analytical
measurement process with the use of standard operating
procedures (SOP's). A standard method is defined herein as
a method or procedure developed by an organization, based on
consensus opinion or other criteria and often evaluated for
its reliability by a collaborative testing procedure
(Taylor, 1988). A SOP is a procedure written in a standard
format and adopted for repetitive use when performing a
specific measurement or sampling operation, i.e., a SOP may
be a standard method or one developed by a user (Taylor,
1988).

The use of SOP's provides consistency and
reproducibility in soil preparations and analyses and helps
to ensure that these preparations and analyses provide
results of known quality. The standard SSL methods are
described in the SSIR No. 42 (Soil Survey Laboratory Staff,
1992) which replaces Procedures for Collecting Soil Samples
and Methods of Analysis for Soil Survey , SSIR No. 1 (Saoll
Conservation Service, 1984) as a methods reference. All SSL
procedures are performed with methodologies appropriate for
the specific purposes. The SSL SOP's are standard methods,
peer-recognized methods, SSL-developed methods, and/or
specified methods in Keys to Soil Taxonomy (Soil Survey
Staff, 1994). Refer to SSIR No. 42 (Soil Survey Laboratory
Staff, 1992) for detailed descriptions of these methods.

Included in SSIR No. 42 are descriptions of current as
well as obsolete methods, both of which are documented by
method codes and linked with analytical results that are
stored in the SSL data base. This linkage between
laboratory method codes and the respective analytical
results is reported on the Primary Data Sheets. Reporting



the method by which the analytical result is determined
helps to ensure user understanding of SSL data. In
addition, this linkage provides a means of technical

criticism and traceability if data are questioned in the

future. The SSL method codes are alphanumerical and may
carry up to four characters, e.g., 6Alc, which refer to a
four-level outline.

3.3 General Conventions in Reporting Data
a. Convention: Data Types

The column headings on the Primary and Supplementary
Characterization Data Sheets identify the specific type of
analytical or calculated data. The Primary Data Sheets are
mainly analytical results, i.e., quantitative or
semiquantitative measurements. Analytical data include
physical, chemical and mineralogical analyses. The Primary
Data Sheets also provide some derived values, e.g.,
coefficient of linear extensibility (COLE) and water-
retention difference (WRD).

Except for some primary analytical data included for
user convenience, data on the Supplementary Data Sheets are
all calculated using primary analytical data as a basis for
the calculations. These calculated data include engineering
particle-size distribution analyses (PSDA) for user
convenience calculated from USDA PSDA; various
recalculations of the USDA PSDA, calculated engineering soil
densities; volume and weight percentages of certain soil
components; ratios of selected soil properties to clay;
linear extensibility, and the USDA PSDA on clay-free base.

b. Convention: Particle-Size Fraction Base

The column headings on the Primary and Supplementary
Data Sheets designate the particle-size fraction for which
the data are reported. On the Primary Data Sheets, most of
the analytical or derived data are reported on the <2-mm
particle-size fraction. Other data are reported for the
<0.4, <20, or <75 mm size-fractions, or for the whole-soill
base. On the Supplementary Data Sheets, data are reported
on the <2 or <75 mm or whole-soil base.

C. Convention: Sample-Weight Base

Unless otherwise specified, analytical and calculated
data are reported on an oven-dry weight or volume base for
the designated particle-size fraction in the column heading.
The calculation of the air-dry/oven-dry (AD/OD) ratio is
used to adjust all results to an oven-dry weight base and,
if required in a procedure, to calculate the sample weight
that is equivalent to the required oven-dry soil weight.



The AD/OD ratio is calculated by procedure 4B5. The AD/OD
ratio is converted to a crystal water basis by procedure 6F3
for gysiferous soils (Nelson et al., 1978; Soil Survey
Laboratory Staff, 1992).

Air-dry and oven-dry weights are defined herein as

constant sample weights obtained after drying at 30£5°C (

to 7 days) and 105+5°C  ( = 12 to 16 h), respectively.
As a rule of thumb, air-dry soils contain about 1 to 2

percent moisture and are drier than soils at 15-bar water

content.

d. Convention: Significant Figures and Rounding

Unless otherwise specified, the SSL uses the procedure
of significant figures to report analytical data.
Historically, significant figures are said to be all digits
that are certain plus one, which contains some uncertainty.
If a value is reported as 19.4 units, the 0.4 is not
certain, i.e., repeated analyses of the same sample would
vary more than one-tenth but generally less than a whole
unit. Most of the data on the SSL Supplementary Data Sheets
are not measured values but are calculated from the
analytical data. The interpretive weight and volume
guantities on the Supplementary Data Sheets may or may not
be the exact same values as the analytical data from which
they are calculated because of the procedure of rounding and
significant digits in calculating the data. Refer to
Appendix XlI for unit conversions of analytical data, i.e.,
Sl and non-Sl units.

e. Convention: Data Sheet Symbols

The analytical result of "zero" is not reported by the
SSL. The following symbols are used or have been used for
trace or quantities not detected or for samples not tested
by the SSL. Refer to the SSIR No. 42 (Soil Survey
Laboratory Staff, 1992) for a description of procedure 2B.

tr, Tr, TR  Trace - either is not measurable by
guantitative procedure used or is less than
reported amount.

tr(s) Trace - detected only by qualitative
procedure more sensitive than quantitative
procedure used.

- Analysis run but none detected.

-- Analysis run but none detected.

-(s) None detected by sensitive qualitative
test.
blank Analysis not run.



nd Not determined, analysis not run.

< Either none is present or amount is less
than reported amount, e.g., <0.1 is in fact
<0.05 since 0.05to 0.1 is reported as 0.1.

f. Convention: Data Sheet Format

On the first tier of the Primary and Supplementary Data
Sheets, the SSL sample numbers, sample preparation codes,
horizon designations, and depth limits are listed. Refer to
Appendix Il for a more detailed explanation of laboratory
preparation codes. The reporting units for horizon depth
limits are centimeters (cm) for the Primary Data Sheets and
inches (in) for the Supplementary Data Sheets. Inches were
chosen to better conform with the conventions of engineers
and soil mechanics. Refer to Appendixes | and Il for
example formats.

The kinds of laboratory analyses may differ depending
on whether the soil is acidic or salty. Refer to Appendixes
| and Il for example Acid and Salt Chemistry Sheet formats,
respectively. Some laboratory analyses, e.g., tests for
soil organic materials, are not reported on the SSL Data
Sheets but are provided in another format on additional data
sheets. Description and application of some of these
laboratory analyses have been incorporated into specific
data elements on the Primary and Supplementary
Characterization Data Sheets.



4. PRIMARY CHARACTERIZATION DATA

This part of the manual is a description of the data columns
on the Primary Characterization Data Sheets. Operational and
conceptual definitions of SSL procedures are discussed. Included
are the SSL method codes, the size fractions for which data are
reported, and the analytical reporting units. Refer to SSIR No.

42 (SSL Staff, 1992) for laboratory method descriptions. Refer

to Appendix XllI for unit conversions of analytical data. The

Primary Characterization Data Sheets consist of the Particle-Size
Distribution Analysis (PSDA), Acid and Salt Chemistries, Ammonium
Oxalate, and Mineralogy Data Sheet. Examples of the Acid and
Salt Chemistry Data Sheets, herein referenced as Acid and Salt
Sheets, are provided in Appendix | (Caribou pedon) and Appendix

Il (Wildmesa pedon), respectively. Refer to Appendix VII for

basic chemistry terminology. The Acid and Salt Data Sheets have
many data elements in common, but they also have some elements
specific to each, e.g., extractable Al on the Acid Sheet and

water soluble cations and anions on the Salt Sheet. Examples of
the PSDA, Ammonium Oxalate (herein referenced as Acid Oxalate),
and Mineralogy Data Sheets (Tiers 1 and 2 only) are provided in
both Appendixes | and Il. The names given to specific analysis
sheets, e.g., Acid and Salt Sheets, facilitate referencing in

this manual and are not routinely printed on the data sheets.

A general discussion usually precedes a broad grouping of
similar elements on the data sheet, e.g., cation exchange
capacity and pH. Incorporated into these discussions are
descriptions of additional SSL data elements that are not
reported on the Primary Characterization Data Sheets, e.g., tests
for soil organic materials.

On the first sheet of the Primary Data Sheets, the
laboratory sample numbers are listed followed by the sample
preparation code. Refer to Appendix Il for the laboratory
preparation codes. The samples for the Caribou pedon (Appendix
I) were all moist (M) sieved on a <2-mm basis, whereas the
samples for the Wildmesa pedon (Appendix Il) were all prepared by
the standard (S) SSL method, i.e., air-dry sieved on a <2-mm
basis. Averages and other data may be listed as footnotes on the
data sheets, e.g., clay percent for the particle-size control
section and weight percentage of the 0.1 to 75-mm fraction.

4.1 PSDA SHEET, TIER 1: COLUMNS 1 - 20:

Sample Numbers and Sample Preparation Codes:
Sample numbers and laboratory preparation codes are listed.

Column 1: Depth (cm).
Depth limits in centimeters (cm) are reported for each soil
horizon or layer.



Columns 2 - 3: Horizon.

Soil horizon or layer designation including lithological
designation are reported in Columns 2 -3. Eleven spaces are
currently provided on the data sheet for these designations. The
pedon description is made at the time of sampling by the sampling
party. This consensus record is deemed important and is rarely
changed in the SSL Database. Over time, the horizon nomenclature
and other descriptive morphological features may become archaic,
but the record as to what was determined at the time of sampling
is deemed more important than the achievement of complete
editorial uniformity.

Columns 4 - 20: PARTICLE-SIZE DISTRIBUTION ANALYSIS (PSDA).
Particle-size distribution: Perhaps the single most
important physical property of a soil is its distribution of
particle sizes. Precise meaning is given to the term soil
texture only through the concept of particle-size distribution
(Skopp, 1992). The behavior of most soil physical properties and
many chemical properties are sharply influenced by the particle
size classes present and their relative abundance. Particle-size
distribution analysis (PSDA) is a measurement of the size
distribution of individual particles in a soil sample. These
data may be presented on a cumulative PSDA curve. Particle-size
distribution curves are used in many kinds of investigations and
evaluations, e.g., geologic, hydrologic, geomorphic, engineering,
and soil science (Gee and Bauder, 1986). Cumulative curves have
the advantage that they allow comparison of particle-size
analyses that use different particle-size classes. Most
commonly, the cumulative percentage of particles finer than a
given particle size is plotted against the logarithm of
"effective” particle diameter (Gee and Bauder, 1986). Refer to
Appendix V for an example cumulative particle-size (grain-size)
distribution curves plotted on forms used by the NRCS Soil
Mechanics Laboratories (SML) in Lincoln, Nebraska and Fort Worth,
Texas.
USDA classification system: In soil science, particle-size
analysis is used to evaluate soil texture. In the USDA
classification system (Soil Survey Staff, 1951 and 1993), soil
texture refers to the relative proportions of clay, silt, and
sand on a <2-mm base. It also recognizes proportions of five
subclasses of sand. For the size limits of these seven patrticle-
size classes (separates), refer to Columns 4 - 6 and Columns 11 -
15 on this data tier. The USDA classification scheme uses a
textural triangle to show the percentages of clay, silt, and sand
in the textural triangle. Refer to Appendix IV for the texture
triangle (shown in black). Also refer to the Supplemental Data
Sheet, Columns 90 - 91 for additional discussion of textural
classes.
Other classification systems: In addition to the USDA
classification scheme, there are many other soil classification
systems, e.g., the particle-size classes for differentiation of

families in the Keys to Soil Taxonomy (Soil Survey Staff, 1994).
Refer to Appendix IV for the USDA textural classification of
families in Soil Taxonomy  (shown in red) (Soil Survey Staff,
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1967). Other soil classification systems include the

International Soil Science Society (ISSS); the Canadian Soil

Survey Committee (CSSC); and the American Society for Testing and
Materials (ASTM). In reporting and interpreting data, it is

important to recognize that these other classification systems

are frequently cited in the literature, especially engineering

systems, e.g., American Association of State Highway and
Transportation Officials (AASHTO) and the ASTM Unified Soil
Classification System (USCS) (Gee and Bauder, 1986).

Particle-size classes: In general, the term particle size
used to characterize the grain-size composition of the mineral
portion of a whole soil, while the term texture is used in

describing its fine-earth fraction (Soil Survey Staff, 1994). As

used herein, the fine-earth fraction refers to particles with <2-

mm diameters, and the whole soil is all particle-size fractions,

including boulders with maximum horizontal dimensions less than

those of the pedon. The term rock fragments means particles of
the whole soll that are > _2 mm in diameter and includes all

particles with horizontal dimensions smaller than the size of the

pedon (Soil Survey Division Staff, 1993; Soil Survey Staff,

1994). At one time, the term rock fragments was differentiated
from the term coarse fragments which excluded stones and boulders
with diameters > _250 mm (Soil Survey Staff, 1951, 1975). The

rationale for this distinction was that particles <250 mm were

generally regarded as part of the "soil mass", i.e., they affect

moisture storage, infiltration, runoff, root growth, and tillage

(Soil Survey Staff, 1951). In the descriptions of soil horizons,

particles > _250 mm were excluded from the solil textural class

name, but phase names for stoniness and rockiness, although not a

part of the textural class names, were used to modify the soil-

class part of the soil-type name, e.g., Gloucester very stony
loam (Soil Survey Staff, 1951). Refer to Soil Survey Staff

(1951) for additional discussion of the rationale for this

particle-size distinction. Refer to Soil Survey Division Staff

(1993) for additional discussion on rock fragments. Also refer

to the discussion on patrticle-size distribution on the

Supplementary Data Sheets. Particle-size distribution data are

reported for the <2-mm fraction in Columns 4 - 15 and for the >2-

mm fraction in Columns 16 - 20.

Columns 4 -15: PARTICLE-SIZE DISTRIBUTION ANALYSIS, PARTICLES
<2 mm, PIPET, AIR-DRY SAMPLES.
Clay, historical concepts and class limits: The definition
of clay has been debated for many years. Early concepts of clay
attempted to characterize clay on the basis of its chemical
nature and its effects upon the soil (Baver, 1956). Osborne
(1887), who developed the beaker method of soil mechanical
analysis in 1886, defined clay as follows: " True clay is here
meant that material derived from the decomposition of feldspars
and similar silicates, which is capable of uniting with a
considerable amount of water, and thus assuming a gelatinous
condition in which it exerts a powerful binding action upon the
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particles of sand in the soil. To some extent, probably, this
action is also exerted by iron and alumina hydroxides, as well as
by colloid organic bodies."

The purely chemical definition of clay by Osborne (1887) was
eventually replaced by one that was in colloidal in meaning
(Baver, 1956). The colloidal concept of clay was developed when
the ideas of disperse systems were applied to the study of soils
by Oden (1921-22) and other investigators. Oden (1921-22)
defined clay as "disperse formations of mineral fragments in
which particles of smaller dimensions than 2 pm (0.002 mm)
predominate”, i.e., clay consists of primary mineral fragments
together with the secondary products of weathering as long as the
individual particle sizes are small enough (Baver, 1956). The
definition of clay with an upper size-limit of 2 um was first
introduced by Atterberg in 1912. Refer to the discussion on clay
vs colloidal clay under the data element Fine Clay (PSDA Sheet,
Tier 1, Column 7).

Atterberg classification system, scientific rationale: The
Atterberg definition of clay as well as the classification of
other soil particles according to size was accepted by the
International Society of Soil Science in 1913. This
classification of soil particles according to size is as follows:
Gravel, 20 to 2.0 mm; Coarse sand, 2.0 to 0.2 mm; Fine sand, 0.2
to 0.02 mm; Silt 0.02 to 0.002 mm; Clay <0.002 mm. Atterberg's
scientific rationale for setting up the various size limits and
for characterizing clay as <2 um are described by Baver (1956) as
follows: "The 20- to 2-mm limit is between the points where no
water is held in pore spaces between particles and where water is
weakly held in the pores. The lower limit of the 2- to 0.2-mm is
the point where water is held in the pores by the forces of
capillary attraction. The lower limit of the 0.2- to 0.02-mm
fraction is given the theoretical significance that smaller
particles cannot be seen by the naked eye; do not have the usual
properties of sand; and can be coagulated to form the crumbs that
are so significant in the mechanical handling of soils, i.e.,
there are the limits between dry sand which gives poor soils, and
adequately moist sand, which forms productive sandy soils. The
lower limit of the 0.02- to 0.002-mm fraction is established on
the basis that particles smaller than 2 um (clay) exhibited
Brownian movement in aqueous suspension. Capillary movement of
water is very slow for <2-um patrticles, and the properties of
stiff  clays are strongly manifested. Thus, silt is visualized as
a range of particle-sizes from the point where sand begins to
assume some clay-like properties to the upper limit of clay.”

Atterberg definition of clay, scientific justification: The
Atterberg definition of clay as a soil separate with an upper
size-limit of 2 um has scientific justification in mineralogical
studies of soils (Marshall, 1935; Robinson, 1936; Truog, 1936).
Robinson (1936) determined that the <2 um fraction is primarily
composed of colloidal products of weathering and is truly the
chemically active portion of the soil. Marshall (1935) and Truog
(1936) found that very few unweathered primary minerals exist in
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the <2 um fraction. Baver (1956) later modified the definition

of clay by Oden (1921-22) as follows: "Clays are disperse systems
of the colloidal products of weathering in which secondary
particles of smaller dimensions than 2 um predominate”.

USDA classification system, historical: In 1896,
investigators in the USDA Bureau of Soils modified the beaker
method of Osborne. They extended the separation of the smallest
particles from 0.1 to 0.005 mm (5 um) and gave the latter limit
the designation of clay. The choices of the different limits
were arbitrarily made apparently based on the convenience of
calibration with the particular eyepiece micrometer that was used
(Baver, 1956) as illustrated by the following statements: "With
the microscope used in this Division the 1-in eyepiece and 3/4-in
objective, three of the 0.1 mm spaces of the eyepiece micrometer
measure 0.05 mm on the stage. With the same eyepiece and 1/5-in
objective, two spaces of the micrometer are equal to 0.01 mm, and
one space to 0.005 mm. These three values are sufficient for the
beaker separation” (Whitney, 1896). This classification of saill
separates was used in the United States until 1937.

USDA classification system, revisions, clay: In 1937, the

USDA Bureau of Chemistry and Soils changed the size limits for
clay from <5 to <2 um. It was hoped that this change to 2 um as
the upper limit for clay would make the data from mechanical
analysis more useful by effecting a better correlation between
field textural classification and classification from the data of
mechanical analysis (Soil Science Society of America, 1937). The
reduction in size limits tended to reduce the percentage of clay,
thus offsetting, in part, the higher percentage obtained by
modern dispersion methods (Soil Science Society of America,
1937). Additionally, this change made the definition for the

clay separate the same for the USDA and International
classification systems.

USDA classification system, revisions, silt: In 1937, the

Bureau of Chemistry and Soils also changed the size limits for
silt as that fraction between 0.002 to 0.05 mm (2 and 50 pym). In
addition, an extra pipetting at 0.02 mm (20 um) was added, making
it possible to compare data with those reported under either the
former American or the International system (Soil Science Society
of America, 1937). The split at 20 um is a class limit between
the sand and silt fractions in the International system proposed
by Atterberg (1912). The split at 20 um is the class limit
between fine silt and coarse silt in the USDA classification
system.

USDA classification system, particle-size analysis:
USDA classification system classifies solil particles (soil
separates) according to size as follows: Very coarse sand, 2.0 -
1.0 mm; Coarse sand, 1.0 - 0.5 mm; Medium sand, 0.5 - 0.25 mm;
Fine sand, 0.25 - 0.10 mm; Very fine sand, 0.10 - 0.05 mm; Silt,
0.05 - 0.002 mm; Clay, <0.002 mm. In soil science, the terms
clay, silt, very fine sand, fine sand, and coarse sand
to define not only soil separates but also specific soil classes
(Appendix 1V, textural triangle, shown in black). In addition,
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the term clay is used to define a class of soil minerals (Table
1). The PSDA data in Columns 4 - 20 are soil separates reported
as weight percentages on a specified base.

Particle-size analysis, objectives: Particle-size analysis
(mechanical analysis) consists of isolating various particle
sizes or size increments and then measuring the amount of each
size-fraction. The major features of PSDA include the
destruction or dispersion of soil aggregates into discrete units
by chemical, mechanical, or ultrasonic means followed by the
separation or fractionation of particles according to size limits
by sieving and sedimentation (Gee and Bauder, 1986). The primary
objectives of dispersion are the removal of cementing agents;
rehydration of clays; and the physical separation of individual
soil particles (Skopp, 1992). Chemical dispersion usually
involves the use of hydrogen peroxide and sodium
hexametaphosphate. The hydrogen peroxide oxidizes the organic
matter. The sodium hexametaphosphate complexes any calcium in
solution and replaces it with sodium on the ion exchange complex
which results in the repulsion of individual particles (Skopp,
1992). Upon completion of the chemical treatments, mechanical
agitation is used to enhance separation of particles and
facilitate fractionation. Fractionation data provide the size or
range of sizes that a measurement represents and the frequency or
cumulative frequency with which the size occurs. The most common
methods of fractionation are sieving and sedimentation by the
hydrometer or pipet method.

Sedimentation theory and Stokes' Law: The sedimentation
equation is derived from Stokes' Law and relates the time of
settling to the particle-size sampled. This sedimentation
equation is as follows:

Equation 1:

v=2r *g(p,-p)(©9 n)

where:

v = velocity of fall

r = particle radius

g = acceleration due to gravity
p, = particle density

p, =liquid density

n = fluid viscosity

Assumptions used in applying Stokes' Law to soil
sedimentation measurements (Gee and Bauder, 1986) are as follows:

1. Terminal velocity is attained as soon as settling begins.

2. Settling and resistance are entirely due to the viscosity
of the fluid.

3. Particles are smooth and spherical.

4. There is no interaction between individual particles in
the solution.
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Since soil particles are not smooth and spherical, the
radius of the particle is considered an equivalent rather than an
actual radius. Effective or equivalent diameters are used to
represent either an average value or the replacement of the
actual value by a value representative of simplified geometry
(Skopp, 1992). The use of effective diameters also emphasizes
that determinations of particle-sizes are biased by the
measurement technique (Skopp, 1992). Identical particles
measured by different techniques commonly appear to have
different diameters. The USDA-SCS selected the Kilmer and
Alexander (1949) pipet method to determine the PSDA for the <2-mm
fraction because this method is reproducible in a wide range of
soils.
Air-dry and moist samples: The standard SSL PSDA procedure
for particles with <2-mm diameter is the air-dry method
(procedure 3A1). For soils that irreversibly harden when dried,
moist PSDA (procedure 3A2) can be determined. Procedures with
either a 3A1 or 3A2 in code refer to air-dry or moist PSDA
samples, respectively. The phenomenon of aggregation through
oven or air drying is an important example of irreversibility of
colloidal behavior in the soil-water system (Kubota, 1972;
Espinoza et al., 1975). Drying such soils decreases the measured
clay content. This can be attributed to the cementation upon
drying (Maeda et al., 1977). The magnitude of the effect varies
with the particular soil (Maeda et al., 1977). Both the air-dry
and moist PSDA data are determined as percent on oven-dry base.
Moist PSDA data by procedure 3A2 are not reported on the SSL
Primary Characterization Data Sheets but, if determined, are
reported on additional SSL data sheets.
Pretreatments: In the SSL PSDA (procedure 3A1), a 10-g
sample of <2-mm air-dry soil is pretreated to remove organic
matter and soluble salts. There are additional non-routine
chemical pretreatments for the removal of cementing agents that
often prevent complete dispersion. These pretreatments include
the removal of carbonates with 1 NNaOAc buffered at pH 5
(procedure 3Ale and 3A2e); the removal of Fe ,O, with sodium
dithionite-citrate solution (procedures 3A1f and 3A2f); and the
removal of SIO  , with 0.1 NNaOH (procedures 3A1g and 3A2Q).
Dispersion using an ultrasonic probe (procedure 3A1lh and 3A2h)
may be used with soils that do not completely disperse with
standard particle-size analysis. Refer to SSIR No. 42 (SSL
Staff, 1992) for a discussion of these pretreatment procedures.
Dispersion and fractionation: Upon completion of chemical
pretreatments, the sample is dried in the oven to obtain the
initial weight, dispersed with sodium hexametaphosphate solution,
and mechanically shaken. The sand fraction is separated from the
suspension by wet sieving and then fractionated by dry sieving.
The clay and fine silt fractions are determined using the
suspension remaining from the wet sieving process. This
suspension is diluted to 1 L in a sedimentation cylinder,
stirred, and 25-mL aliquots removed with a pipet at calculated,
predetermined intervals based on Stokes' Law (Kilmer and
Alexander, 1949). Particle density is assumed to be 2.65 g cc
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The aliquots are dried at 105°C and weighed. Coarse silt is the
difference between 100% and the sum of the sand, clay, and fine
silt percentages.

Other particle-size analyses: The SSL determines fine clay
(procedures 3Alb and 3A2b), carbonate clay (procedures 3Ald and
3A2d), and water dispersible PSDA (procedures 3Alc and 3A2c).
Fine clay and carbonate clay are reported on this data tier in
Columns 7 and 8, respectively. Water dispersible PSDA data by
procedure 3Alc are not reported on this data tier but are
reported on the Acid Oxalate Sheet, Tier 1, Column 13 - 18. All
sand and silt fractions determined by procedure 3Alc are stored
in the database, but only the total sand, silt, and clay are
printed on the Acid Oxalate Sheet. Particle-size analysis data
by the standard SSL procedure are reported as a weight percentage
ona<2-mm mineral soil base, i.e., free of organic matter and
salts, in Columns 4 - 15. These PSDA data can be converted to a
volume base. An example calculation of this volume conversion is
provided under the data element Total Sand (PSDA Sheet, Tier 1,
Column 6).

Column 4: Total Clay (<0.002 mm).

Clay, definition: Clay is a soil separate with a <0.002-mm
(<2 um) particle diameter. The SSL determines the clay separate
by pipet analysis in procedure 3A1. The total clay value
reported by the SSL includes the clay-size carbonate. Total clay
is reported as a percent on a <2-mm base.

Clay percentage, weighted average, calculation: Clay
percentages or any data may be averaged and weighted according to
horizon thickness. Refer to Appendix Il (Wildmesa Pedon), PSDA
Sheet, below Tier 2 for AVERAGES, DEPTH 15-65, PCT CLAY 36. The
weighted average for clay percentage (upper 50 cm of argillic) is
calculated for the Wildmesa Pedon as follows:

Equation 2:
Product A = (Hcm x Db v X Cm)
Equation 3:
Product B = (Product A x Clay)
where:
Hcm = Horizon thickness, cm. Data are reported on the
first tier of Primary Data Sheets.
Db, = Bulk density at 1/3-bar water content on a <2-mm
base (gcc ). Data are reported on the PSDA
Sheet, Tier 2, Column 13.
Clay = Weight percentage of clay on a <2-mm base. Data
are reported on the PSDA Sheet, Tier 1, Column
4.
Cm = Coarse fragment conversion factor. If no coarse

fragments, Cm = 1. If coarse fragments are
present, calculate Cm as follows:

16



Equation 4:

Cm = Vol moist <2-mm fabric (cm %)
0000D0000000000000000
Vol moist whole soil (cm 5)
OR (alternatively)
Equation 5:
100 - Vol>2mm
Cm = [D0O00000000
100
where:
Vol>2mm = Volume percentage of the >2-mm fraction. Data
are reported on the Supplementary Data Sheet,
Column 51.
Equation 6:
Weighted Average = Sum of Products B
0000Doooooo0o00g
Sum of Products A
where:
Sum of Products A = Sum of (Hcm x Db » X Cm) for all soil
horizons.
Sum of Products B = Sum of (Product A x Clay) for all soil
horizons.

Example: Refer to Appendix Il (Wildmesa Pedon)

Hrz Depth Hcm Db w Cm Product A Clay ProductB
0000000000000000000000000000000000000000000000
cm cm gcc * %

2Bt 15-46 31 145 .99 4450 349 1553.07

2Btk 46-74 19 1.38 1.00 26.22 381 998.98
gobopoooboobooboobooboooboobooboobuoobuooboobooboobon
SUM OF PRODUCTS 50 70.72 2552.05

Weighted Average = 2552.05
ooooo =36 percent Clay
70.72

If no bulk density data, calculate Product A, Product B, and
weighted average using Equations 2, 3, and 6 without the Db "
values.

17



Clay minerals: particle dimensions, thickness, and surface
area. Refer to Table 1 for particle dimensions, thickness, and
surface area of some clay minerals (Sumner, 1992). Refer to
additional discussion on surface area under the data element EGME
Retention (Mineralogy Sheet, Tier 1, Column 19).

000000000000 00000000000000000000000D0000D0O000000
Table 1. Comparison of clay particle dimensions, thickness, and
surface area. '

000000000000 00000000000000000000000D00000000000

Particle Particle Surface
Mineral Dimensions Thickness Area
0000D0000000000000000000D0D00000000000000000O0O0O0O0
Hm Hm m g”
Montmorillonite 0.03 ' 0.001 600-800
Micas 03-1 0.02-0.07 60-200
Vermiculite 0.03 . 0.001 400-800
Hydroxy- 02-1 0.02-0.07 80-150
interlayered
vermiculite .
Kaolinite 03-2 . 1-4 5-40
Halloysite, tubular  0.07 0.04-1 21-43
Halloysite, spheroidal 0.02 - 1 . .
Goethite 0.02 0.05-0.1 30-200
Hematite 0.02 - 0.05 0.01-0.02 50-120
Gibbsite 0.1 0.005 10-30
Allophane 0.003 - 0.005 1000
hollow spheres
Imogolite 0.002 -0.003 1-3 1000

hollow filiform
000000000000000000000000000000000000000000000O0
" Sumner, 1992.
_ Diameter

Length

Column 5: Total Silt (0.002 to 0.05 mm).

Total silt, definition: Total silt is a soil separate with
0.002- to 0.05-mm particle diameter. The SSL determines the fine
silt separate by pipet analysis and the coarse silt separate by
difference in procedure 3A1. Total silt is reported as a weight
percentage on a <2-mm base.

Column 6: Total Sand (0.05 to 2.0 mm).

Total sand, definition: Total sand is a soil separate with
0.05- to 2.0-mm particle diameter. The SSL determines the sand
fraction by sieve analysis in procedure 3A1. Total sand is the
sum of the very fine sand (VFS), fine sand (FS), medium sand
(MS), coarse sand (CS), and very coarse sand fractions VCS). The
rationale for five subclasses of sand and the expansion of the
texture classes of sand, e.g., sandy loam and loamy sand, is that
the sand separates are the most visible to the naked eye and the
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most detectable by "feel" by the field soil scientist. Total
sand is reported as a weight percentage on a <2-mm base.

Total sand, weight to volume conversion: Particle-size
analysis data by the standard SSL procedure are reported as a
weight percentage on a <2-mm mineral soil base, i.e., free of

organic matter and salts. Using total sand as an example, PSDA
data can be converted from a weight to volume base as follows:

Equation 7:
Vsand = Wt Sand X Db 1/3 X (1 - (V on/loo))
00000000000000D00DOOnDO
265gcc -

where:

V.. = Volume percentage of sand (0.05- to 2.0-mm

diameter) on a <2-mm base.
Wt = Weight percentage of sand (0.05- to 2.0-mm

diameter) on a <2-mm base. Data are reported on
the PSDA Sheet, Tier 1, Column 6.
Db,, = Bulk density at 1/3-bar water content on a <2-mm
base (gcc ). Data are reported on the PSDA Sheet,
Tier 2, Column 13.

2.65 = Assumed particle density for sand (g cc *
V., = Volume percentage of organic matter on a <2mm- base.
Calculate V. _as follows:
Equation 8:
V. = Wt _x1.72 x Db s
0oooooooooo0
l1gcc
where:
Wt = Weight percentage of organic C on a <2-mm base.
Data are reported on the PSDA Sheet, Tier 2, Column
1.
1.72 = "Van Bemmelen factor". Refer to the discussion on

this factor under the data element organic C (PSDA
Sheet, Tier 2, Column 1).

Db,, = Bulk denS|ty at 1/3-bar water content on a <2-mm
base (gcc ). Data are reported on the PSDA Sheet,
Tier 2, Column 13.

1.1 = Assumed particle density of organic matter

(@ce ).

Column 7: Fine Clay (<0.0002 mm).

Fine clay, definition: Fine clay is a soil separate with
<0.0002-mm (0.2 um) particle diameter. Fine clay amounts are
never greater than total clay. The SSL determines the fine-clay
fraction by centrifuging followed by pipet analysis in procedures
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3Al1 and 3Al1b. Fine clay is reported as a weight percentage on a
<2-mm base.

Colloidal clay, definition: Colloids are small particles
which, due to their size, tend to remain suspended in solution
and exhibit unique physical and chemical properties compared to
other soil particle-size classes (Bohn et al., 1979). They have
a large surface area per unit of mass and are chemically active
with an electrical field that extends into the soil solution.

Many of the properties that a soil exhibits are related to the
types (both inorganic and organic) and amounts of colloidal
materials that are present in the soil.

Colloidal clay vs clay: The distinction between clay and
colloidal clay has been debated for many years. Some early
separations set the upper limit of the colloidal range at 0.5 pm
(Freundlich, 1926); at 1 um (Brown and Byers, 1932; Bray, 1934);
and at 0.2 um by many many colloidal chemists at this time.

Prior to 1937, the U.S. Bureau of Soils and Chemistry termed
particles <0.002 mm (<2 um) as colloids (Soil Survey Staff,

1951). Other investigators (DeYoung, 1925; Joseph, 1925) stated
that clay and colloidal contents were identical, if the sample

was completely dispersed. Baver (1956) considered the 0.1 to 0.2
pum a more reliable estimate of the upper limit of the colloidal
range. Such colloidal material not only conformed more closely

to the accepted standards of colloidal chemistry but also
possessed a much greater chemical and physical activity per unit
weight than coarser fractions (Baver, 1956). The 0.0002-mm (<0.2
pum) separate reported as fine clay (PSDA Sheet, Tier 1, Column 7)
most closely corresponds to those estimates of the upper

colloidal range proposed by Baver (1956) and others. More
recently, the 0.001-um (1 nm) to 1-um range has been used to
define colloidal particles (van Olphen, 1977; Singer and Munns,
1987). Itis difficult to establish exact size limits for

colloidal soil particles since activity of a colloid is

determined not only by the composition, size, and shape of the
colloid but also by the concentration and composition of the soil
solution.

Fine clay, taxonomic significance: Fine clay may be used to
determine the presence of illuviated clay or argillic horizons or
as a tool to help explain soil genesis. As soil genesis occurs,
an argillic horizon may form through clay translocation or
neoformation of minerals. The fine to total clay ratio is used
as an index of argillic development, i.e., this ratio is normally
one third higher than in the overlying eluvial or in the
underlying horizon (Soil Survey Staff, 1975, 1994). The fine to
total clay ratio is reported on the Supplementary Data Sheet,
Column 65.

Column 8: Carbonate (CO ,) Clay (<0.002 mm).

Carbonate clay, definition: Carbonate clay is a soil
separate with <0.002-mm particle diameter. The SSL determines
the carbonate-clay fraction by pipet analysis (procedure 3A1) and
by gas pressure evolved after treatment with acid (procedure
3A1d). This determination of carbonate clay is semiquantitative
as it is assumed that all of the carbonates in a soil sample are

20



convertedto CO  , i.e., not only the carbonates of Ca but also
the carbonates of Mg, Na, and K react with the acid. Carbonate
clay is reported as a weight percentage on a <2-mm base.

Carbonate clay, soil-related factors: Carbonate clay is

considered important in PSDA because clay-size carbonate
particles have properties that are different from noncarbonate
clay. The cation exchange capacity of carbonate clay is very low
compared to noncarbonate clay. Saturation percentage, Atterberg

limits, and 15-bar water retention for carbonate clay are

the corresponding values for the noncarbonate clays (Nettleton et
al., 1991). Since carbonate clay is a diluent, it is often

subtracted from the total clay in order to make inferences about
soil genesis and clay activities. Total clay is routinely

estimated and carbonates measured by soil scientists in the

field. Generally, the amounts of carbonate clay, as estimated by

hand texture, are underestimated = 1/2 (Nettleton et al., 1991).

In  Soil Taxonomy  (Soil Survey Staff, 1975), carbonates of clay
size are not considered to be clay for soil texture but are
treated as silt in all particle-size classes.

Column 9: Fine Silt (0.002 - 0.02 mm).

Fine silt, definition: Fine silt is a soil separate with
0.002- to 0.02-mm particle diameter. The SSL determines the
fine-silt fraction by pipet analysis in procedure 3Al. Fine silt
is reported as a weight percentage on a <2-mm base.

Column 10: Coarse Silt (0.02 - 0.05 mm).

Coarse silt, definition: Coarse silt is a soil separate with
0.02- to 0.05-mm particle diameter. The 0.02 mm (20 um) is the
break between sand and silt in the International classification
system. The particle-size separation at 20 um also has
significance in optical microscopy, as this class limit
represents the optical limits of the polarizing light microscope.
The SSL determines the coarse-silt by difference in procedure
3Al. Coarse silt = (100 - (% total clay + % fine silt + % total
sand)). Coarse silt is reported as a weight percentage on a <2-
mm base.

Column 11: Very Fine Sand (0.05 to 0.10 mm).
Very fine sand, definition: Very fine sand (VFS) is a soll
separate with 0.05- to 0.10-mm particle diameter. The SSL
determines the VFS fraction by sieve analysis in procedure 3A1.
Very fine sand is reported as a weight percentage on a <2-mm
base.
Very fine sand, taxonomic significance: Particle-size
classes are a compromise between engineering and pedologic
classes (Soil Survey Staff, 1975, 1994). In engineering
classifications, the limit between sand and silt is a 0.074-mm
diameter. The break between sand and silt is 0.05 and 0.02 mm in
the USDA and International classification systems, respectively.
In engineering classes, the VFS separate is split. In particle-
size classes of soil taxonomy (Soil Survey Staff, 1975, 1994),
the VFS is allowed to float ,i.e., VFS is treated as sand if the
texture is fine sand, loamy fine sand, or a coarser class and is
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treated as silt if the texture is very fine sand, loamy very fine
sand, sandy loam, silt loam, or a finer class (Soil Survey Staff,
1975, 1994). Refer to additional discussion on particle-size
classes by the Soil Survey Staff (1975, 1994).

Column 12: Fine Sand (0.10 - 0.25 mm).

Fine sand, definition: Fine sand is a soil separate with
0.10- to 0.25-mm particle diameter. The SSL determines the fine
sand fraction by sieve analysis in procedure 3A1. Fine sand is
reported as a weight percentage on a <2-mm base.

Column 13: Medium Sand (0.25 - 0.50 mm).
Medium sand, definition: Medium sand is a soil separate with
0.25- to 0.50-mm particle diameter. The SSL determines the
medium sand fraction by sieve analysis in procedure 3A1. Medium
sand is reported as a weight percentage on a <2-mm base.

Column 14: Coarse Sand (0.5 - 1.0 mm).
Coarse sand, definition: Coarse sand is a soil separate with
0.5- to 1.0-mm particle diameter. The SSL determines the coarse
sand fraction by sieve analysis in procedure 3A1. Coarse sand is
reported as a weight percentage on a <2-mm base.

Column 15: Very Coarse Sand (1.0 - 2.0 mm).
Very coarse sand, definition: Very coarse sand is a soil
separate with 1.0- to 2.0-mm particle diameter. In 1947, the
class name for the 1.0- to 2.0-mm fraction in the USDA
classification system was changed from fine gravel to very coarse
sand. The SSL determines the very coarse sand fraction by sieve
analysis in procedure 3A1. Very coarse sand is reported as a
weight percentage on a <2-mm base.

Columns 16 - 20: PARTICLE-SIZE DISTRIBUTION ANALYSIS, PARTICLES
>2 mm.

Particle-size classes: The term  rock fragments is defined as
particles > _2 mm in diameter and includes all particles with
horizontal dimensions smaller than the size of a pedon (Soil
Survey Staff, 1975, 1994). Rock fragments are generally sieved
and excluded from most chemical, physical, and mineralogical
analyses. Exceptions are described by SSL procedures in Section
1B (SSL Staff, 1992). Some gravel codes may also be listed in
these data columns, e.g., V = volume estimate or P = porous >2-mm
fraction. Refer to SSIR No. 42 (SSL Staff, 1992) for
descriptions of laboratory preparation procedures.

Weight percentages of >2-mm fractions, field and laboratory
weighings, procedure 3Bla: The SSL determines weight percentages
of the >2-mm fractions by field and laboratory weighings by
procedure 3Bla. In the field or in the laboratory, the sieving
and weighing of the >2-mm fraction are limited to the <75-mm
fractions. In the field, fraction weights are usually recorded
in pounds, whereas in the laboratory, fraction weights are
recorded in grams. The 20- to 75-mm fraction is generally
sieved, weighed, and discarded in the field. This is the
preferred and usually the most accurate method. Less accurately,
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the 20- to 75-mm fraction is estimated as a volume percentage of
the whole soil. If it is sieved and weighed in the laboratory,
the results are usually not reliable because of small sample
size. Refer to the discussion on interferences to field and
laboratory weighings in this data column.
Weight percentages of >2-mm fractions from volume estimates
and weight determinations, procedures 3B1b and 3B2: The SSL
estimates weight percentages of the >2-mm fractions from volume
estimates of the >20-mm fractions and weight determinations of
the <20-mm fractions by procedure 3B1b. The volume estimates are
visual field estimates. Weight percentages of the >20-mm
fractions are calculated from field volume estimates of the 20-
to 75-mm, 75- to 250-mm, and >250-mm fractions. The >250-mm
fraction includes stones and boulders that have horizontal
dimensions that are smaller than the size of the pedon. Weight
measurements for the 2- to 20-mm fraction are laboratory
measurements. Weight measurements of the 20- to 75-mm fractions
in the field are more accurate than visual volume estimates.
Weight measurements of this fraction in the laboratory are not
reliable. Refer to the discussion on interferences to field and
laboratory weighings in the next section. The volume estimates
that are determined in the field are converted to dry weight
percentages. For any >2-mm fractions estimated by volume in the
field, the SSL calculates weight percentages by procedure 3B2.
The visual volume estimates of the >20-mm fraction are
subjective. The conversion of a volume estimate to a weight
estimate assumes a particle density of 2.65 g cc * and a bulk
density for the fine-earth fraction of 1.45 g cc *. Referto a
more detailed discussion on particle density and bulk density on
the PSDA Sheet, Tier 2, Columns 12 - 14.
Field and laboratory weighings, interferences: Soll
variability and sample size are interferences to weight
determinations of the >2-mm particles. Enough soil material
needs to be sieved and weighed to obtain statistically accurate
rock fragment content. In order to accurately measure rock
fragments with maximum particle diameters of 20 and 75 mm, the
minimum specimen sizes ("dry" weights) that need to be sieved and
weighed are 1.0 and 60.0 kg, respectively. Refer to ASTM method
D 2487 (American Society for Testing and Materials, 1993). Refer
to Table 2 (ASTM, 1993)for the minimum specimen size ("dry"
weights) for particle-size analysis.
Table 2. Minimum dry weights for particle-size analysis !
N0000000000000000000000000000000000000000

Maximum Particle Size Minimum Specimen Size
Sieve Opening Dry Weight

4.75 mm (No. 4) 100 g (0.251Ib)

9.5 mm (3/8 in) 200 g (0.51b)

19.0 mm (3/4 in) 1.0 kg (2.2 Ib)

38.1 mm (1 1/2in) 8.0 kg (18 Ib)

75.0 mm (3in) 60.0 kg (132 Ib)

p0000000000000000000000000000000000000000
American Society for Testing and Materials, 1993.
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Whenever possible, the field samples or "moist” material
should have weights two to four times larger than shown in Table
2 (American Society for Testing and Materials, 1993). Therefore,
sieving and weighing the 20- to 75-mm fraction should be done in
the field. The <20-mm fractions are sieved and weighed in the
laboratory.

Weight percentages, reporting procedure: Procedures for

reporting data for a size fraction base are outlined in Section

2A (SSL Staff, 1992). Unless otherwise specified, the particle-

size fractions 2 to 5, 5 to 20, 20 to 75, and 0.1 to 75 mm are
reported on a <75-mm oven-dry weight percentage basis in Columns
16 - 19, respectively. The total >2-mm fraction is reported on a
whole soil oven-dry weight percentage base in Column 20.

Column 16:  Coarse Fractions (2 - 5 mm).

The SSL determines coarse fractions with 2- to 5-mm particle
diameter by procedures outlined in Section 3B (SSL Staff, 1992).
The 2- and 5-mm divisions correspond to the size of openings in
the No. 10 and No. 4 screen (4.76 mm), respectively, used in
engineering. Coarse fractions with 2- to 5-mm particle diameter
correspond to the rock fragment division, fine pebbles
Survey Division Staff, 1993). Coarse fractions with 2- to 5-mm
particle diameter are reported as a weight percent on a <75-mm
base in this data column.

Column 17: Coarse Fractions (5 - 20 mm).

The SSL determines coarse fractions with 5- to 20-mm
particle diameter by procedures outlined in Section 3B (SSL
Staff, 1992). The 5- and 20-mm divisions correspond to the size
of openings in the No. 4 screen (4.76 mm) and the 3/4-in screen
(19.05 mm), respectively, used in engineering. Coarse fractions
with 5- to 20-mm patrticle diameter correspond to the rock
fragment division, medium pebbles  (Soil Survey Division Staff,
1993). Coarse fractions with 5- to 20-mm particle diameter are
reported as a weight percent on a <75-mm base in this data
column.

Column 18:  Coarse Fractions (20 - 75 mm).

The SSL determines coarse fractions with 20- to 75-mm
particle diameter by procedures outlined in Section 3B (SSL
Staff, 1992). The 20- and 75-mm divisions correspond to the size
of openings in the 3/4-in screen (19.05 mm) and the 3-in screen
(76.1 mm), respectively, used in engineering. Coarse fractions
with 20- to 75-mm patrticle diameter correspond to the rock
fragment division, coarse pebbles (Soil Survey Division Staff,
1993). Coarse fractions with 20- to 75-mm particle diameter are
reported as a weight percent on a <75-mm base in this data
column.

Column 19:  Coarse Fractions (0.1 - 75 mm).

The SSL determines coarse fractions with 0.1- to 75-mm
particle diameter by procedures outlined in Section 3A and 3B
(SSL Staff, 1992). The 75-mm division corresponds to the size of
opening in the 3-in screen (76.1 mm) used in engineering. This
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data column is listed for taxonomic placement of particle-size
class, i.e., to distinguish loamy and silty family particle-size
classes. Refer to the Soil Survey Staff (1975, 1994) for
additional discussion on particle-size classes. Coarse fractions
with 0.1- to 75-mm patrticle diameter are reported as a weight
percent on a <75-mm base in this data column.

Column 20:  Coarse Fractions (>2 mm).

The SSL determines coarse fractions with >2-mm patrticle
diameter by procedures outlined in Section 3B (SSL Staff, 1992).
Coarse fractions with >2-mm particle diameter are reported as a
weight percent on whole-soil base in this data column.

4.2 PSDA SHEET: TIER 2: COLUMNS 1 - 20:

Column 1:  Organic Carbon (C).
Organic matter: A principle feature that separates soil from
rock is organic matter. The quantity and properties of organic
matter help determine the direction of soil formation processes
as well as the biochemical, chemical, physical, and soll
fertility properties (Kononova, 1966). Organic matter affects
the composition and mobility of adsorbed cations as well as soil
color, heat balance, volume weight, consistency, and specific
gravity of the solid phase. The overall influence of
accumulating organic matter usually leads to higher soll
fertility, with the resultant higher humus content often serving
as the first indication of a fertile soil (Orlov, 1985). In
addition to changes in soil properties,I”"T*1"f ies or humu, ats
thlevelnt ofrodurecravitcan haveof e direl, phy(cogysicts)Tji"T*Il influencenic pf ies as well ation the bc
Orlov, 1985.s

as thg organie fraction of soiexclusivnce of

consiatingftounomieubstalanses echnitztter a Kahnov, 7885).Hunomts
HA), fulvomincoli(FA), r a ounon).

thalkaliminext fra; FAck is the fractioe tharemas ges in lurcti a

echnitztter a Kahnov, 7885).Nonounomieubstalanses cludnts
oseoeubstalanse, witsialc e cognizamlas, physicer a , chemicil
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acids (Schnitzer, 1982). Most of these substances have a short
survival period in the soil as they are readily attacked by
microorganisms.

Organic C, component of organic matter: Carbon is a major
component of soil organic matter. Studies of organic matter and
nutrient cycling (N, P, and S) emphasize the central role of C
(Stevenson, 1982). Carbon is important as a major source of CO
and humus is a C reservoir sensitive to changes in climate and
atmospheric CO , concentrations (Schnitzer and Khan, 1978;
Schnitzer, 1982). Organic C consists of the cells of
microorganisms; plant and animal residues at various stages of
decomposition; stable "humus" synthesized from residues; and
nearly inert and highly carbonized compounds, e.g., charcoal,
graphite, and coal (Nelson and Sommers, 1982).

Organic matter, "Van Bemmelen factor": As a major component
of soil organic matter, a measurement of organic C can serve as
an indirect determination of organic matter through the use of an
approximate correction factor. The "Van Bemmelen factor" of
1.724 has been used for many years and is based on the assumption
that organic matter contains 58% organic C. The literature
indicates that the proportion of organic C in soil organic matter
for a range of soils is highly variable. Any constant factor
that is selected is only an approximation. Studies have
indicated that subsoils have a higher factor than surface soils
(Broadbent, 1953). Surface soils rarely have a factor <1.8 and
usually range from 1.8 to 2.0. The subsoil factor may average ~
2.5 (Broadbent, 1953). The preference of the SSL is to determine
and report organic C concentration in a soil rather than to
convert the analytically determined organic C value to organic
matter content through the use of an approximate correction
factor.

Organic C, rules of thumb: Some general rules of thumb about
the properties of organic C (NSSL Staff, 1975) are as follows:
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Equation 9:

1 g organic C = 3to 4 meq CEC (NH ,OAc, pH 7.0).

Equation 10:

1 g organic C =~15gH ,O (15 bar).
Equation 11:
1 g organic C =35gH ,0(1/3 bar).
Organic C, laboratory measurement, Walkley-Black: The

Walkley-Black method is a wet combustion technique to measure
organic C. This organic C determination represents decomposed
soil organic matter and normally excludes relatively fresh plant

residues, roots, charcoal, and C of carbonates. Even though the
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Walkley-Black method converts the most active forms of organic C
in soils, it does not yield complete oxidation of these

compounds. Walkley and Black (1934) determined that = 76% of
organic C was recovered by their method and therefore proposed a
correction factor of 1.32 to account for unrecovered organic C.
Allison (1960) found that the percent recovery of organic C by
Walkley-Black procedure varied from 63 to 86% in a wide variety

of soils and that the correction factor varied from 1.16 to 1.59.

The SSL uses the Walkley-Black correction factor. The Walkley-
Black method and similar procedures provide approximate or
semiqguantitative estimates of organic C in soils because of the

lack of an appropriate correction factor for each soil analyzed
(Nelson and Sommers, 1982). Organic C data by Walkley-Black are
generally considered invalid if organic C is >8 percent. In

these cases, the SSL uses a more direct determination of soil
organic matter. The organic matter is destroyed on ignition

(400°C), and the soil weight loss is used as a measure of the
organic matter content. Refer to the discussion on percent

mineral content on the Acid Oxalate Sheet, Tier 1, Column 19.

The SSL determines organic C by procedure 6Alc (Walkley-Black).
Organic C is reported as percent on a <2-mm base.

Organic C, accumulation index, calculation: An accumulation
index may be calculated for organic C or other data. An example
accumulation index for organic C to a depth of one meter (kg/m
™ is calculated as follows:

Equation 12:
Product (kg/m  *")=Wt _x0.1xDb ,, xHcmxCm
Equation 13:
Accumulation Index = Sum of Products to 1 m (kg/m M)
where:
Wt = Weight percentage of organic C on a <2-mm base.
Data are reported on the PSDA Sheet, Tier 2, Column
1.
0.1 = Conversion factor, constant.
Db,, = Bulk density at 1/3-bar water content on a <2-mm
base (gcc ). Data are reported on the PSDA Sheet,
Tier 2, Column 13.
Hcm = Horizon thickness (cm). Data are reported on the
PSDA Sheet, Tier 1, Column 1.
Cm = Coarse fragment conversion factor. If no coarse

fragments, Cm = 1. If coarse fragments are present,
calculate Cm using Equations 4 and 5 in Column 4 of
the PSDA Sheet.
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Example: Refer to Appendix Il (Wildmesa Pedon)

Hrz Depth ocC Factor Db , Hcm  Cm  Product
0000000000000000000000000000000000000000000000

cm % gcc™ cm
A 0-8 0.45 0.1 1.47 8 .84 0.44
AB 8-15 0.15 0.1 1.60 7 .94 0.16
2Bt 15-46 0.19 0.1 1.45 31 .99 0.85
2Btk 46-74 0.15 0.1 1.38 28 1.00 0.58
2Btk  74-109 0.12 0.1 1.26 26 .99 0.39
0000000000000000000000000000000000000000000000

ACCUMULATION INDEX 100 cm 2.42 kg/m ="

Organic matter, weight to volume base, calculation:

Organic carbon can serve as an indirect determination of
organic matter through the use of an approximate correction
factor termed the "Van Bemmelen factor” of 1.724. Organic carbon
is routinely reported as a weight percent. Convert organic
carbon on a weight base to a volume base as follows:

Equation 14:

V., = Wt x1.72xDb
00oooDooooo0o000g
1.1
where:

V., = Volume percentage of organic matter on a <2-mm
base.

Wt = Weight percentage of organic C on a <2-mm base.

1.72 = "Van Bemmelen factor".

Db, = Bulk density at 1/3-bar water content on a <2-mm
base (gcc ). Data are reported on the PSDA Sheet,
Tier 2, Column 13.

1.1 = Assumed particle density of organic matter

(@ce 7).

Column 2:  Total Nitrogen (N).

Total N, organic and inorganic: Nitrogen is ubiquitous in
the environment as it is continually cycled among plants, soil
organisms, soil organic matter, water, and the atmosphere
(National Research Council, 1993). Nitrogen is one of the most
important plant nutrients and forms some of the most mobile
compounds in the soil-crop system, and as such, is commonly
related to water quality problems. Total soil N includes both
the organic and inorganic forms and may range from 0.06 to 0.5%
in surface layers of many cultivated soils, <0.02% in subsaoils,
and 2.5% in peats (Bremner and Mulvaney, 1982). Organically
complexed N comprises over 90% of the total N in surface layers
of most soils and is an important factor in soil fertility
(Stevenson, 1982). Inorganic N forms were once considered to
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constitute only a few percent of the total soil N pool (Young and
Aldag, 1982). However, more recently, many soils have been found
to contain appreciable amounts of N in the form of fixed NH
particularly in lower horizons. Soils with large amounts of

illites or vermiculites can "fix" significant amounts of N

compared to those soils dominated by smectite or kaolinite
(Nommik and Vahtras, 1982; Young and Aldag, 1982). The uses of
total N data include, but are not limited to, the determination

of the N distribution in the soil profile; the soil C:N ratio;

and the soil potential to supply N for plant growth.

Nitrogen cycle: Nitrogen undergoes a wide variety of
transformations in the soil, most of which involve the organic
fraction. Aninternal "N cycle" exists in the soil distinct from
the overall cycle of N in nature. Even if gains and losses in N
are equal, as may occur in some mature ecosystems, the N cycle is
not static. Continuous turnover of N occurs through
mineralization-immobilization with transfer of biological decay
products into stable humus forms (Stevenson, 1982). This N cycle
is critical to crop growth. The balance between the inputs and
outputs and the various interactive transformations
(mineralization, nitrification, immobilization, and
denitrification) in the N cycle determines how much N is
available for plant growth and how much may be lost to the
atmosphere, surface water, or groundwater (National Research
Council, 1993). Nitrogen inputs to a particular agricultural
field include rainfall; fertilizers; mineralization from soil
organic-N, crop residues, manure; N-fixation by microorganisms;
and even delivery of N from irrigation waters (National Research
Council, 1993). The primary desired output is N uptake in
harvested crops and crop residues (National Research Council,

1993). Nitrogen is applied to soils as NH ., (@mmonium) or NO
(nitrate) ions. Generally, NH . ions rapidly undergo
nitrification forming NO , In‘warm, aerobic soils. Ammonium can

be adsorbed by soil particles and lost by fixation or erosion,
while NO . remains in soil solution and is subject to leaching or
denitrification. Denitrification is the chemical reduction of
NQ' to gaseous nitric oxide (NO), nitrous oxide (N ,0), or
dinitrogen (N ,) forms. Volatilization of these forms of N
represents atmospheric N loses (Bremner et al., 1981; Nelson,
1982; Meisinger and Randall, 1991). Some nutrients may be
removed by weeds or immobilized by microbes thus entering the
organic-N storage pool. These minor outputs are secondary
factors and typically have been implicitly included in nutrient-
crop yield response models (National Research Council, 1993).
C:N ratio: The C:N ratio relates to fertility and organic
matter decomposition. In many soils, the level of "fixed" N
usually remains constant or increases with depth while organic C
usually diminishes with depth resulting in a C:N ratio which
narrows with depth (Young and Aldag, 1982). The potential to
"fix" N has important fertility implications as the "fixed" N is
slowly available for plant growth. In cultivated, agriculturally
important soils of the temperate regions, the C:N ratio of
surface soil horizons, e.g., mollic epipedons, usually falls
within the narrow limits of about 10 to 12, and in forest soils,
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often a few units higher (Young and Aldag, 1982). Higher ratios
in soils may suggest low decomposition levels or low N levels in
plant residues and soils. In many cases, the C:N ratio narrows
in the subsoil, partly because of the higher content of NH

the generally lower amounts of C. Variations in the C:N ratio
may serve as an indicator of the amount of inorganic soil N.
Uncultivated soils usually have higher C:N ratios than do
cultivated soils. When C or N values are very low, ratios may
appear unrealistic, and care is required in interpreting the

data.

Essential plant elements, general discussion:
of an element in a plant is not, of and by itself, a valid basis
upon which to assess its essentiality to plant life (Noggle and
Fritz, 1976). Of the many elements that have been detected in
plant tissues, only 20 are essential to the growth of some plant
or plants. Symptoms develop, in the absence of each of the
essential elements, that are characteristic of the elements,
resulting in reduced plant growth and yield (Arnon and Stout,
1939; Noggle and Fritz, 1976). It was proposed that if elements
were metabolically active but are not essential, then these
elements are better termed functional or metabolic elements
rather than essential elements (Bollard and Butler, 1966;
Nicholas, 1969). An example would be if one element could be
substituted by another, e.g., Br for CI.

Macroelements (C, H, O, N, P, K, Ca, Mg, and S) are those
elements required in relatively large amounts by plants, whereas
microelements (B, Fe, Mn, Cu, Zn, Mo, ClI, Co, V, Na, and Si) are
those required in relatively small or trace amounts. The above-
named elements, with the exception of C, H, O, and N, are known
as mineral elements. These mineral elements usually constitute
what is known as the plant ash or the mineral remaining after
"burning off" C, H, O, and N. Carbon, hydrogen, and oxygen in
plants are obtained from carbon dioxide and water and are
converted to simple carbohydrates by photosynthesis and, when
combined with N, are converted to amino acids, proteins, and
protoplasm.

There exists in nature a soil-plant continuum, i.e., the
soil with its properties and reactions that affect plant
available elements; the root with its growth, distribution, and
response to environmental factors; and the plant with its
requirements, absorption, and utilization of elements. The
interactions of all these components is the continuum which is
more critical than any one single component. This continuum can
be extended to include the microbial component, as the physical
and chemical soil characteristics determine the nature of the
environment in which microorganisms are found (Alexander, 1977).

,-N and

The presence

Nitrogen, essential plant element: Nitrogen is an essential

plant nutrient that is used in protein formation and serves as an
integral part of the chlorophyll molecule, the primary light

energy absorber for photosynthesis. Nitrogen has been related to
carbohydrate utilization and associated with vigorous vegetative
growth and dark green color. Many proteins are enzymes, and the
role of N in plant growth is considered as both structural and
metabolic. Animbalance of N or an excess of N in relation to
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other nutrients, e.g., P, K, and S, can prolong the growing
period and delay crop maturity (Bidwell, 1979). Plants absorb N

in the form of ammonium, urea, and nitrate. The NO . IS usually
the dominant form in moist, warm, well-aerated soils (Tisdale et
al., 1985).

Total N, laboratory measurement: The SSL no longer

determines total N by digestion using the Kjeldahl technique
(procedure 6B3a). Since 1993, the SSL uses the combustion
technique (LECO nitrogen analyzer) (procedure 6B4a). Total N is
reported in this data column on a <2-mm base.

Column 3:  Extractable Phosphorus (P).

Total P, organic and inorganic: Phosphorus added to the
soil-crop system goes through a series of transformations as it
cycles through plants, animals, microbes, soil organic matter,
and the soil mineral fraction (National Research Council, 1993).
Phosphorus is also an essential plant nutrient and often related
to water quality problems. However, unlike N, most P is tightly
bound in the soil, and only a small fraction of the total P found
in the soil is available to crop plants. Total P includes both
organic and inorganic P forms. Apatite is a common P-bearing
mineral.

Organic P levels may vary from virtually zero to 0.2%, with
the inorganic P frequently higher than that of organic P (Tisdale
et al., 1985). The organic P fraction is found in humus and
other organic materials. The inorganic P fraction occurs in
numerous combinations with Fe, Al, Ca, Fl, and other elements.
The solubility of these various combinations varies from soluble
to very insoluble (Chang and Jackson, 1957; Lindsay and Vlek,
1977). Phosphates may also react with clays to form generally
insoluble clay phosphate complexes (adsorbed P). Refer to the
discussion on P retention on the Acid Oxalate Sheet, Tier 1,
Column 5. Also refer to Sharpley et al. (1985) for detailed P
characterization of 78 soils representing 7 major soil orders
from all regions of the United States. Sharpley et al. (1985)
discusses the various soil P forms, e.g., labile, organic, and
sorbed; the various pathways of P transformation; the
significance of selected soil P test values; and the
relationships between soil P and soil test P values.

C:P:N ratio: Studies of the mineralization of organic P in
relation to the C:N:P ratio have indicated that there is no set
ratio for all soils. Some studies have indicated that if the
C:inorganic P ratio is 200:1 or less, mineralization of P may
occur, and if this ratio is 300:1, immobilization would occur
(Tisdale et al., 1985). Other studies have indicated that the
N:P ratio to be related to the mineralization and immobilization
of P and that the decreased supply of one results in the
increased mineralization of the other, i.e., if N were limiting,
inorganic P may accumulate in the soil and the formation of soil
organic matter would be inhibited (Tisdale et al., 1985).

Phosphorus, essential plant element: Phosphorus is an
essential nutrient for plant growth and is a primary fertilizer
element. Refer to the discussion on essential elements for plant
growth under the data element total N (PSDA Sheet, Tier 2, Column
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2). Phosphorus is essential in supplying phosphate which acts as

a linkage or binding site in plants. The stability of phosphate
enables it to participate in many energy capture, transfer, and
recovery reactions which are important for plant growth (Tisdale

et al., 1985). The energy obtained from photosynthesis and
metabolism of carbohydrates is stored in phosphate compounds (ATP
and ADP) for subsequent use in growth and reproductive processes.
In addition to its metabolic role, P also acts as an important
structural component of a wide variety of biochemicals, including
nucleic acids (DNA and RNA), coenzymes, nucleotides,
phosphoproteins, phospholipids, and sugar phosphates (Tisdale et
al., 1985). Phosphorus has also been linked to increased root
growth and early maturity of crops, particularly grain crops.

Plants can absorb P as either the prilnary H ZPQ{ ion or smaller
PQ is
2' M

amounts of the secondary HPO ,~ orthophosphate ion. The H
the principal form absorbed as it is most abundant over the range

in soil pH prevailing for most crops. The absorption of H

usually greater at low soil pH values, whereas the uptake of

HPQ™ is usually greater at higher pH values (Bidwell, 1979).

Some studies have shown that there are 10 times more absorptlon
sites on plant roots for H ,PQ than for HPO

Phosphorus, fertilizer: Fertilizer-P is the smgle most
important source of P added to croplands in the U.S. Relatively
small annual additions of P can cause a soil buildup of P
(McCollum, 1991). Phosphorus can be lost from the soil-crop
system in soluble form through leaching, subsurface flow, and
surface runoff. Particulate P is lost when soil erodes. The
fraction of total P lost to erosion and runoff can be
substantial. Some of the P added in excess of crop needs remains
as residual plant-available P. The amount of extractable P
declines with time because of the slow conversion of P to
unavailable forms, e.g., Ca, Al, and Fe-P compounds (Yost et al.,
1981; Mendoza and Barrow, 1987; Sharpley et al., 1989; McCollum,
1991). The rate of decline in extractable P (discounting plant
uptake) varies with the soil P-level and P-sorption capacity.

The P level in the soil is the critical factor in determining

actual loads of P to surface water and the relative proportions

of P lost in solution and attached to soil particles (National
Research Council, 1993). Understanding the relative importance
of transport pathways and the processes regulating these
transport pathways helps to design measures to reduce P losses.
When P enters surface waters in substantial amounts it becomes a
pollutant, contributing to the excessive growth of algae and

other aquatic vegetation and, thus, to the accelerated
eutrophication of lakes and reservoirs (National Research
Council, 1993).

Phosphorus, soil testing: Soil chemical tests for estimating
soil nutrient pools are relatively rapid and have the added
advantage over deficiency symptoms and plant analyses that soil
requirements are determined before a crop is planted. Soil tests
usually only measure a part of the total nutrient supplies in the
soil. In general, these test values are of no use in themselves
and must be calibrated against nutrient rate experiments, i.e.,
field and greenhouse experiments, before use in the prediction of
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the nutrient needs of crops. A complete soil testing program
includes both the analytical procedures for estimating soil

fertility and the appropriate correlation and calibration data

for recommending the correct fertilization practices (Corey,

1987; Sabbe and Marx, 1987). Fertilizer recommendations are then
based on the interpretation of these calibration data and

fertilizer response curves.

Phosphorus, available: The fraction of soil P utilizable for
crop growth has been designated as available P . This termis
also used to refer to the portion of soil P extracted by various
solvents, e.g., water, dilute acids or alkalies, and salt
solutions (Tisdale et al., 1985). The quantities of total P are
much greater than those of the available P, but the available
form is of greater importance to plant growth. The term labile P
has been defined as the fraction that is isotopically exchanged
with P or that is readily extracted by some chemical extractant
or by plants (Foth and Ellis, 1988). Thus, the labile P may
include some or all of the adsorbed P in a particular soil, or it
may also include some precipitated P (Foth and Ellis, 1988).
Adsorbed P is generally considered the portion of soil P that is
bonded to the surface of other soil compounds when a discrete
mineral-phase is not formed, e.g., if soluble P were added to a
soil solution, it may be bound to the surface of amorphous Al
hydroxide without forming a discrete Al-P mineral (Foth and
Ellis, 1988). Labile P has been an important working concept for
the soil scientist in relating soil P to plant available P as it
is a measurable fraction, even though it may include P from
several of the discrete P fractions held in soils (Foth and
Ellis, 1988). Soil tests for P generally try to measure all or
part of the labile P (Foth and Ellis, 1988). The SSL determines
available P by the extractable Bray P-1 method.

Available P, laboratory measurement, Bray P-1: The Bray P-1
method is widely used as an index of plant-available P in the
soil. The selectivity of the Bray extractant is designed to
remove the easily acid-soluble P, largely Ca phosphates, and a
portion of the phosphates of Al and Fe (Bray and Kurtz, 1945;

Olsen and Sommers, 1982). In general, this method has been most
successful on acid soils (Bray and Kurtz, 1945; Olsen and
Sommers, 1982). Phosphorus interpretations for plant growth and
fertilizer applications by Bray P-1 extraction procedures or by

any other method require the use of regional soil fertility

guides. These guides are generally available through the local
agricultural extension services. The appropriate use of these
guides requires that the soil test measurements for extractable

P, or for any other nutrient upon which fertilizer

recommendations are based, be the same. The SSL determines
extractable P by procedure 6S3 (Bray P-1). Extractable P by Bray
P-1 method is reported in this data column as mg kg * (formerly
ppm) in the soil on a <2-mm base.
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Column 4:  Total Sulfur (S).

Total S, organic and inorganic: Organic and inorganic S
forms are found in soils, with the organic S fraction accounting
for >95% of the total S in most soils from humid and semi-humid
regions (Tabatabai, 1982). Mineralization of organic S and its
conversion to sulfate by chemical and biological activity may
serve as a source of plant available S. Total S typically ranges
from 0.01 to 0.05% in most mineral soils but can be greater in
organic soils. In well-drained soils, most of the inorganic S
normally occurs as sulfate. Large amounts of reduced S compounds
occur in marine tidal flats, other anaerobic marine sediments,
and mine spoils which oxidize to sulfur acid upon exposure to the
air. Significant amounts of inorganic S are found as sulfates,

e.g., gypsum and barite in arid regions.

C:N:S ratio: There have been many investigations of the soil
C:N:S ratios with mixed results. Some studies have indicated
that these ratios are very similar for different groups of soils.

Other studies (Stewart and Bettany, 1982a, 1982b) have found
significant differences in the mean C:N:S ratios among and within
types of world soils, with the differences being attributed to
variations in parent material and other soil-forming factors,

e.g., climate, vegetation, leaching intensity, and drainage.
However, a close association usually exists between the N and S
constituents of soil organic matter (Tisdale et al., 1985).

Total N, which is principally organic, and the organic S are

often more closely correlated than organic fractions of C and S.
The N:S ratio in many soils falls within the narrow range of 6 to
8:1 (Tisdale et al., 1985).

Sulfur, essential plant element: Sulfur is an essential
nutrient for plant growth. Refer to the discussion on essential
elements for plant growth under the data element total N (PSDA
Sheet, Tier 2, Column 2). Sulfur plays an important role in
protein formation; the functioning of several enzyme systems;
chlorophyll synthesis; and in the activity of nitrate reductase
(Tisdale et al., 1985). Sulfur is absorbed by plant roots almost
exclusively as the sulfate ion SO ,~. Low levels may also be
absorbed through plant leaves and utilized within plants. High
levels of the gaseous form (SO ,) are toxic. Symptoms of S
deficiencies are often very similar to N deficiencies in plants.

Sulfur, soil testing: In many parts of the U.S. and
agricultural lands of the world, the need to supplement the
natural S sources to meet plant requirements has been unnecessary
(Johnson, 1987). The chemistry of S favors its conservation in
soils either as the sparingly soluble sulfate salts, e.g., gypsum
and barite, or as a component of organic matter (Johnson, 1987).
The recycling of S, along with the significant additions of S
from rainfall and irrigation waters, ensures adequate S for crops
in most environments. Crop deficiencies of S in desert and arid
regions are extremely rare as soils in these areas usually
developed under conditions in which S was not leached from the
rooting depth of most crops (Johnson, 1987). In those areas with
S deficiencies for specific crops, the proper sampling, testing,
and use of appropriate calibration tables are factors in the
efficient use of S fertilizers. Total S has been used as an
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index of the total reserves of this element which can be
converted to plant available S. Extractable sulfate S (SO -9),
which is not determined at the SSL, is an index of readily plant-
available S. Extractable SO ,2-S does not include the labile
fraction of soil organic S that is mineralized during the growing
season (Tabatabai, 1982).
Total S, laboratory measurement: The SSL determines total S
by a combustion technique (LECO sulfur analyzer) (procedure
6R3a). A soil sample is oxidized at high temperatures, and the
evolved SO , in combustion gases is measured using an infrared
detector. Total S is reported in this data column as percent on
a <2-mm base.

Columns 5 - 7: DITHIONITE-CITRATE EXTRACTIONS.

Broad groupings, soil components: Over the years, various
terms have been used to describe broad groupings of sall
components, e.g., crystalline phyllosilicates, amorphous, poorly
crystalline, paracrystalline, noncrystalline, allophane,
imogolite, and short-range-order minerals (SROMS), etc. These

groupings have been related, in part, to various laboratory
analyses, and thereby, have been operationally defined
guantitatively and semiquantitatively by these analyses. Some of
these analytical procedures include X-ray diffraction analysis

and selective chemical dissolutions, e.g., dithionite-citrate,

sodium pyrophosphate, and ammonium oxalate extractions. These
terms have not been used consistently in the literature. In
addition, there is not always a clear delineation between
dissolution data, either conceptually or operationally. This
discussion on terminology is pertinent not only to the data
columns for dithionite-citrate extractable Fe, Al, and Mn but

also to sodium pyrophosphate and ammonium oxalate extractions.

Soil aluminosilicates, crystalline phyllosilicates: Soil
aluminosilicates include a broad spectrum of constituents,
ranging from noncrystalline materials (exhibiting local and
nonrepetitive short-range order) to paracrystalline materials
(intermediate-range order) to crystalline phyllosilicates (layer
silicates) characterized by three-dimensional periodicity over
appreciable distances (long-range order) (Jackson et al., 1986).
Crystalline phyllosilicates have been defined by Bailey (1980) as
follows: "containing two-dimensional tetrahedral sheets of
composition T ,Q (T = Si, Al, Be ...) with tetrahedra linked by
sharing three corners of each, and with the fourth corner
pointing in any direction. The tetrahedral sheets are linked in
the unit structure to octrahedral sheets, or to groups of
coordinated cations, or individual cations." In soils and
sediments, the phyllosilicates of common interest include the 1:1
layer types (kaolinite and halloysite) and the 2:1 layer types
(smectite, vermiculite, mica, and kaolinite).

Terms: Amorphous, SROMs, poorly crystalline, noncrystalline,
and paracrystalline: The term amorphous has been used to refer to
an array of materials that are amorphous to X-rays and have no
more than short-range order, e.g., allophane and imogolite
(Kimble et al., 1984). The term SROM4has been used
interchangeably with the terms amorphous, poorly crystalline, and
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noncrystalline. The term SROMs is preferred by some

investigators because, as the resolving power of mineralogical
instruments improve, the possibility of determining and
distinguishing among the various kinds of SROMSs also improves
(Uehara and Ikawa, 1985). Allophane and imogolite are two SROMs
that would have been called amorphous 25 years ago. There are
other soil materials with even shorter-range order than allophane
and imogolite, e.g., allophane-like constituents (Wada, 1980) and
surface coatings of SROMs on crystalline minerals (Jones and
Uehara, 1973; Uehara and Jones, 1974). The term noncrystalline
is used by some investigators (Wada, 1977; Jackson et al., 1986;
Wada, 1989) in preference to the more commonly used term

amorphous . The term paracrystalline includes the somewhat
ordered (short-range-order) materials, e.g., imogolite. Hence,
the term  noncrystalline aluminosilicates has been cited in the

literature to address the whole spectrum of short-range order
minerals in weathered parent materials and soils (Jackson et al.,
1986).
Allophane and imogolite: Allophanes are associated mainly
with weathered volcanic ash (Jackson et al., 1986). A definition
of the term allophane was proposed by van Olphen (1971), in
accordance with Ross and Kerr (1934), as follows: "Allophanes are
members of a series of naturally occurring minerals which are
hydrous aluminum silicates of widely varying chemical
composition, characterized by short-range-order, by the presence
of Si-O-Al bonds, and by a differential thermal analysis curve
displaying a low temperature endotherm and a high temperature
exotherm with no intermediate endotherm”. By these criteria,
allophane is limited to a small sector of the total spectrum of
noncrystalline and paracrystalline aluminosilicates developed by
weathering of volcanic ash and pumice and other materials of
soils and deposits (Jackson et al., 1986). Imogolite , a mineral
ia4 33.55TD1”(0o.sili2 Oi byO 1.
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aluminosilicates mixed with crystalline soil components (Jackson
et al., 1986). In general, the crystalline free oxides and
phyllosilicates of soils can be identified qualitatively and
estimated semiquantitatively by X-ray diffraction analysis.

Refer to additional discussion on X-ray diffraction analysis on
the Mineralogy Sheet, Tiers 1 - 3. Those soils containing
hydroxyls (-OH groups), e.g., kaolinite, gibbsite, and goethite,
can sometimes be determined quantitatively by differential
thermal analysis (DTA), differential scanning colorimetry (DCS),
and thermogravimetric analysis (TGA). Refer to additional
discussion on thermal analysis on the Mineralogy Sheet, Tiers 1 -
3.

Selective chemical dissolutions, limitations: With selective
chemical dissolution data, there are difficulties in the adequate
assessment of the portion that is extracted by particular
reagents, e.g., dithionite-citrate, sodium pyrophosphate, and
ammonium oxalate. In principle, it cannot be expected that
chemical methods are able to perfectly distinguish the degrees of
crystallinity, and some caution is required in the interpretation
of these analytical data (van Wambeke, 1992). Refer to Table 3
(Wada, 1989) for the dissolution of Al, Fe, and Si in various
clay constituents and organic complexes by treatment with
different reagents. Refer to the discussion on ammonium oxalate
extractions on the Acid Oxalate Sheet, Tier 1, Columns 1 - 4.

Also refer to the discussion on sodium pyrophosphate extractions
on the Acid Sheet, Tier 2, Columns 1 - 7.

Dithionite-citrate extractions, laboratory measurement: A
soil sample is mixed with sodium dithionite, sodium citrate, and
distilled deionized water, and shaken overnight. An aliquot of
the extract is obtained, and the dithionite-citrate extractable
Fe, Mn, and Al are measured using atomic absorption (AA)
spectrometry. Refer to SSIR No. 42 (SSL Staff, 1992) for the
method description of dithionite-citrate extractions for Fe, Mn,
and Al. Note that the dithionite-citrate extraction cited in
Table 3 is not the same method as determined by the SSL. The
dithionite-citrate extractable Fe, Mn, and Al are reported on
this data tier in Columns 5 - 7, respectively.
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Table 3. Dissolution of Al, Fe, and Si in various clay constituents and organic complexes by treatment with
different reagents.

oo00o0ooOoODbOoO00000obOoObOO0000o000bObLODbOOo0o0o0oooDbOODbODO0oooooobDDoOO
Treatment with

gobobooboobobooboobooboobuoobooboobgoobo

0.15-0.2 M

oxalate-oxalic
Element in Specified 0.1M Dithionite- 20gL acid (pH 05M
component and complex N0, Citraté NaCo,' 3.0-3.5§ NaOH

oo00o0ooOoODbOoO00000obOoObOO0000o000bObLODbOOo0o0o0oooDbOODbODO0oooooobDDoOO
Al and Si in

Allophane Poor Poor Poor Good Good
Imogolite Poor Poor Poor Good-fair Good
"Allophane-like" Poor Good Good Good Good
Layer Silicates No No-poor No No-poor Poor-fair
Alin
Organic complexes Good Good Good Good Good
Hydrous oxides
Noncrystalline Poor Good Good Good Good
Crystalline No Poor Poor No Good
Siin
Opaline silica No No Poor No Good
Crystalline silica No No No No Poor
Fein
Organic complexes Good Good No Good No
Hydrous oxides
Noncrystalliné Poor Good No Good No
Crystalline No Good No No-poor No

0000000000 00DooO000oo000oo00o0o000DooOoUo0ooOoO0oDoOOoooDon
' Wada, 1989.

? McKeague et al. (1971); Higashi and Wada (1977).

* Mehra and Jackson (1960); Tokashiki and Wada (1975).

* Jackson (1956); Tokashiki and Wada (1975).

® Schwertmann (1964); Higashi and lkeda (1974); Wada and Kakuto (1985).

® Hashimoto and Jackson (1960); Tokashiki and Wada (1975).

" Includes ferrihydrite.
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Column 5:  Iron (Fe), Dithionite-Citrate Extractable.

"Free" Fe oxides: The original objectives of the dithionite-
citrate extraction were to determine the free Fe oxides and to
remove the amorphous coatings and crystals of free Fe oxide,
acting as cementing agents, for subsequent physical and chemical
analysis of soils, sediments, and clay minerals (Weaver et al.,

1968; Jackson, 1969; Jackson et al., 1986). Dithionite-citrate
extractable Fe (Fe ,) is considered a measure of "free iron" in
soils and, as such, is pedogenically significant. Dithionite-

citrate extractable Fe data are of interest in soil genesis-
classification studies because of its increasing concentration

with increasing weathering, and its effect on soil colors
(Schwertmann, 1992). "Free iron" is also considered an important
factor in P-fixation and soil aggregate stability.

Dithionite-citrate extractable Fe, total pedogenic Fe: In a
general way, the Fe 4 Is considered to be a measure of the total
pedogenic Fe, e.g., goethite, hematite, lepidocrocite, and
ferrinydrite, while the ammonium oxalate extractable Fe (Fe .)
(probably ferrihydrite) is a measure of the paracrystalline Fe
(Birkeland et al., 1989). The Fe ,/Fe , ratio is often calculated
because it is considered an approximation of the relative
proportion of ferrihydrite in soils (Schwertmann, 1985). Refer
to the discussion on Fe , on the Acid Oxalate Sheet, Tier 1,
Columns 1 - 4.

Dithionite-citrate extractable Fe is used as a criterion in
the ferritic and oxidic mineralogy classes (Soil Survey Staff,

1975, 1994). Refer to the Soil Survey Staff (1975, 1994) for

additional discussion of these mineralogy classes. Refer to the

discussion on the agronomic and engineering significance of

ferritic and oxidic mineralogies on the Mineralogy Sheet, Tiers 1

- 3. The SSL determines Fe , by procedure 6C2b. The Fe S
reported as percent on a <2-mm base.

Column 6: Manganese (Mn), Dithionite-Citrate Extractable.

The dithionite-citrate extractable Mn (Mn ,) is considered
the "easily reducible Mn". The SSL determines Mn 4 by procedure
6D2a. The Mn s reported as percent on a <2-mm base.

Column 7:  Aluminum (Al), Dithionite-Citrate Extractable.

Dithionite-citrate extractable Al, significance: The
dithionite-citrate and ammonium oxalate extracts for Al are
pedogenically significant. The dithionite-citrate extractable Al
(Al ) represents the Al substituted in Fe oxides which can have
an upper limit of thirty-three mole percent substitution
(Schwertmann et al., 1977; Schwertmann and Taylor, 1989). The
ammonium oxalate extractable Al (Al ,) is generally an estimate of
the total pedogenic Al in soils dominated by allophane,
imogolite, and organically-bound Al (Wada, 1977; Childs et al.,
1983). Unlike Fe «» the Al extract is commonly less than the Al
(Childs et al., 1983; Birkeland et al., 1989) and so does not
necessarily represent the total pedogenic Al (Wada, 1977). Refer
to the discussion on Al , on the Acid Oxalate Sheet, Tier 1,
Columns 1 - 4. The SSL determines Al 4 by procedure 6G7a. The Al
is reported as percent on a <2-mm base.
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Column 8: CEC/Clay Ratio.

CEC-7/clay ratio, data assessment: The CEC-7 to clay ratio
has been used as auxiliary data to assess clay mineralogy. This
ratio is an index for clay activity, i.e., probable contribution
of clay to the exchange capacity and soil solution chemistry.

Clay activity is closely linked to clay mineralogy. The

smectites (montmorillonites) and vermiculites are considered high
activity clays; kaolinites and hydroxy-interlayered vermiculites
are low-activity clays; and micas (illites) and chlorites are
intermediate-activity clays (NSSL Staff, 1983). Guidelines for
determining taxonomic soil mineralogy placements (Soil Survey
Staff, 1975, 1994) have been developed for the suite of
montmorillonitic-mixed-kaolinitic materials. The following
guidelines were developed primarily from experience with soil
samples from the central United States and Puerto Rico (NSSL
Staff, 1983).

CEC-7/Clay Family Mineralogy as Assessed by XRD and
DTA Evidence

>0.7 Montmorillonite
0.5-0.7 Montmorillonite or Mixed
0.3-0.5 Mixed
0.2-0.3 Kaolinite or Mixed

<0.2 Kaolinite

Soils with illitic family mineralogy usually have CEC-7/clay
ratios in the range of mixed (lower end of mixed range).
Vermiculitic soils usually have CEC-7/clay ratios similar to
smectitic soils. However, some soil minerals determined as
vermiculite by X-ray diffraction analysis (termed hydroxy-
interlayered vermiculites) appear more similar in nature to
inactive soil chlorites which have CEC-7/clay ratios in the range
of kaolinite (NSSL Staff, 1983). The CEC-7/clay ratio is useful
both as an internal check of the data and as an estimator of
mineralogy when mineralogy data are not available.
CEC-7/clay ratio, high and low values: A soil with a silt or
sand fraction with a significant CEC can have a higher CEC-7/clay
ratio than expected. Soils with organic or glassy materials or
with a clay fraction that is incompletely dispersed by PSDA or
soils with porous silts and sands too coherent to be
disaggregated by PSDA can also have a high CEC-7/clay ratio. In
these cases, the 15-bar water to clay ratios are also high. Ina
study of 34 Borolls (NSSL Staff, 1990), each percent increase in
organic C increases the CEC-7 by 3 meq 100 g “soil(r ?=0.83)
and the CEC-8.2 by 4 meq 100 g “soil (r  ?=0.85). A soil with
clay-size materials with little or no CEC, e.g., calcium
carbonate, can have a low CEC-7/clay ratio. In this case, the
carbonate clay percentage needs to be checked and the CEC-7/clay
ratio recalculated based on the noncarbonate clay (NSSL Staff,
1983).
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CEC-7/clay ratio, calculation: Determine the CEC-7/clay
ratio by dividing the CEC-7 (NH ,OACc, pH 7.0) by the total clay
percentage. The SSL determines the CEC-7/clay ratio by procedure
8D1. The CEC-7 is reported on the Acid or Salt Sheet, Tier 1,

Column 9. Total clay percentage is reported on the PSDA Sheet,
Tier 1, Column 4. The CEC-7/clay ratio is reported in this data
column. In the past, the CEC-7/clay ratio has been reported in
meq 100 g *. The CEC-7/clay ratio is also reported on the
Supplementary Data Sheet, Column 67.

Mineralogy, taxonomic, agronomic and engineering
significance: The CEC-7 to clay ratio is used as auxiliary data
to assess clay mineralogy. These data are especially useful when
mineralogy data are not available. Refer to Soil Survey Staff
(1975, 1994) for discussion of mineralogy class as a taxonomic
criterion of soil families in different particle-size classes.

Refer to the discussion of the agronomic and engineering
significance of selected mineralogy classes on the Mineralogy
Sheet, Tiers 1 - 3.

Column 9: 15 Bar/Clay Ratio.
15-bar water/clay ratio, data assessment: As water retention
at 15 bar has been equated with a 0.2-um pore diameter, a high
correlation exists between 15-bar water and clay content, and as
such, this ratio is a good tool for data assessment (NSSL Staff,
1983). A good rule of thumb reference point for soils dominated
by silicates that disperse well in the standard PSDA is as
follows:

Equation 15:

W,/Clay =0.4

OR (alternatively)
Equation 16:

Clay =25xW
where:
W, = Weight percentage of water retained at 15-bar suction
on a <2-mm base. Data are reported on the Acid
Oxalate Sheet, Tier 1, Column 12 (moist, procedure
4B2b) and on the PSDA Sheet, Tier 2, Column 19 (air-
dry, procedure 4B2a).
Clay = Weight percentage of clay on a <2-mm base. Data are
reported on the PSDA Sheet, Tier 1, Column 4.

A number of soil-related factors can cause deviation from
this 0.4 reference point. Low activity clays, e.g., kaolinites,
chlorites, and some micas, tend to lower the ratio to < _0.35.
High activity clays, e.g., smectites and some vermiculites, tend
to increase this ratio. The relationship between 15-bar water
and the amount of clay has been characterized for groups of soils
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dominated by different kinds of clay minerals (NSSL Staff, 1990)
and some average ratios are as follows: 0.45 for smectite (r =
0.88, n = 547); 0.42 for clay mica (r ?=0.90, n = 493); and 0.32
for Bt horizons of Paleudults (r ?=0.98, n = 18). Whether these
differences in the ratios are caused by differences in clay
mineralogy or by differences in other properties associated with
the different clay mineralogies is not known.
15-bar water/clay ratio, high and low values: Organic matter
increases the 15-bar water retention and subsequently increases
the ratio. An increased 15 bar to clay ratio can be expected if
the organic C percent is >0.1 of the percent clay (NSSL Staff,
1983). In a study of 34 Borolls (NSSL Staff, 1990), each
percentage increase in organic C increases the 15-bar percentage
approximately 1.5 percent (r ?=0.67). In a study of 53 Xerolls
(NSSL Staff, 1990), each percentage increase in organic C
increases the 15-bar percentage approximately 1.3 percent (r =
0.72).
Poorly crystalline materials also tend to increase this
ratio. If this ratio is >0.6, and soil-related factors do not
adequately explain the situation, incomplete dispersion in PSDA
may be a factor (NSSL Staff, 1983). Soil components which act as
cements and cause poor dispersion include carbonates, gypsum, Fe
oxides, and poorly crystalline Si. Refer to the discussion of
pretreatments to particle-size distribution analysis on the on
the PSDA Sheet, Tier 1, Columns 4 - 15.
Clay-size carbonate tends to decrease the ratio in most

cases. The 15-bar water retention for carbonate clays is = 2/3
the corresponding value for the noncarbonate clays (Nettleton et
al., 1991).

15-bar/clay ratio, dispersion in PSDA: The amount of clay

relative to the amount of organic C and the surface area of
nonclay constituents affects the 15-bar water content to clay
relationship. With decreasing clay content, the organic C and
surface area of other nonclay constituents increase the 15-bar
retention. For these reasons, ratios above 0.5 for some samples
with less than 5 to 10 percent clay may erroneously indicate poor
PSDA dispersion (NSSL Staff, 1990).

Poor dispersion by the SSL standard particle-size
distribution is typical in Andisols. Yet, poor dispersion in
some soils emphasizes one of the fundamental guidelines of the
laboratory, i.e., standard methods. Standard operating
procedures are necessary in order to compare soil data. These
comparisons have been critical factors in developing many
relationships used in understanding soils and in the development
of Soil Taxonomy  (Soil Survey Staff, 1975). Not all soils are
composed of well-defined particles that can be dispersed into
their appropriate fraction if only the "correct method" were
used. In addition, there is no exacting measure of poor
dispersion. The 15-bar/clay ratio is one measure, as is the
comparison of laboratory vs field-determined soil textures and
clay contents. Neither measure or indicator is perfect.
Alternative and additional pretreatments may extract additional
clay from a soil sample, but are these pretreatments freeing or
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creating clay particles? The fact that a particular soil sample
reacts differently to a standard method in itself provides
information concerning the soil's properties.
15-bar water/clay ratio, calculation: Determine the 15-bar
water/clay ratio by dividing the 15-bar water retention by the
total clay percentage. The SSL determines the 15 bar/clay ratio
by procedure 8D1. The 15-bar water retention on air-dry samples
is reported on the PSDA Sheet, Tier 2, Column 19. Total clay
percentage is reported on the PSDA Sheet, Tier 1, Column 4. The
15-bar water/clay ratio is reported in this data column. In the
past, the 15-bar/clay ratio has been reported in g g . This
ratio is also reported on the Supplementary Data Sheet, Column
68. Note that the 15-bar water to noncarbonate clay ratio may
also be determined by subtracting the carbonate clay (PSDA Sheet,
Tier 1, Column 8) from the total clay.

Columns 10 - 11: ATTERBERG LIMITS.

Atterberg Limits, definition: Atterberg Limits is a general
term that encompasses liquid limit (LL), plastic limit (PL), and,
in some references, shrinkage limit (SL). The test method for
these limits by ASTM has the designation of ASTM D 4318 (American
Society for Testing and Materials, 1993). This test method is
used as an integral part of several engineering classification
systems, e.g., American Association of State Highway and
Transportation Officials (AASHTO) and the ASTM Unified Soil
Classification System (USCS), to characterize the fine-grained
fractions of soils (ASTM D 2487 and D 3282) and to specify the
fine-grained fraction of construction materials (ASTM D 1241)
(American Society for Testing and Materials, 1993). The LL and
plastic index (PI) of soils are also used extensively, either
individually or together with other soil properties, to correlate
with engineering behavior, e.g., compressibility, permeability,
compactability, shrink-swell, and shear strength (American
Society for Testing and Materials, 1993). The LL and Pl are
closely related to amount and kind of clay, CEC, 15-bar water,
and engineering properties, e.g., load-carrying capacity of the
soil.

In general, the AASHTO engineering system is a
classification system for soils and soil-aggregate mixtures for
highway construction purposes, e.g., earthwork structures,
particularly embankments, subgrades, subbases, and bases. The
USCS classification is used for general soils engineering work by
many organizations including USDA-NRCS.

Column 10: Liquid Limit (LL).

Liquid Limit, definition: The LL is the percent water
content of a soil at the arbitrarily defined boundary between the
liquid and plastic states. This water content is defined as the
water content at which a pat of soil placed in a standard cup and
cut by a groove of standard dimensions will flow together at the
base of the groove for a distance of 13 mm (1/2 in) when
subjected to 25 shocks from the cup being dropped 10 mm in a
standard LL apparatus operated at a rate of 2 shocks s
to ASTM method D 4318 (American Society for Testing and

-1

. Refer
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Materials, 1993). The LL is reported as percent water on a <0.4-
mm base (40-mesh) (procedure 4F1) in this data column. The LL is
also reported on the Supplementary Data Sheet, Column 22. If the
LL is not measured, it can be estimated for use in engineering
classification through the use of algorithms. Many algorithms

have been developed that are applicable to a particular region or
area of study. Some equations developed by the National Soil
Survey Laboratory (1975) are as follows:

Equation 17:
LL=0.9x Clay + 10

OR (alternatively)
Equation 18:

LL=2xW +10

15
where:
LL = Liquid Limit.
Clay = Weight percentage of clay on a <2-mm base. Data
are reported on the PSDA Sheet, Tier 1, Column 4.
W, = Weight percentage of water retained at 15-bar
suction on a <2-mm base. Data are reported on the
PSDA Sheet, Tier 2, Column 19.

Column 11:  Plasticity Index (PI).

Plasticity Index, definition: The Pl is the range of water
content over which a soil behaves plastically. Numerically, the
Pl is the difference in the water content between the LL and the
plastic limit (PL). Refer to Column 10 for the definition of LL.
The PL is the percent water content of a soil at the boundary
between the plastic and brittle states. The boundary is the
water content at which a soil can no longer be deformed by
rolling into 3.2-mm (1/8-in) threads without crumbling. Refer to
ASTM method D 4318 (American Society for Testing and Materials,
1993). If either the LL or PL can not be determined, or if PL is
> LL, the soil is reported as nonplastic (NP). The Plis
reported as percent water on a <0.4-mm base (procedure 4F2) in
this data column. The Pl is also reported on the Supplementary
Data Sheet, Column 23. If the Pl is not measured, it can be
estimated for use in engineering classification through the use
of algorithms. Many algorithms have been developed that are
applicable to a particular region or area of study. Some
equations developed by the National Soil Survey Laboratory (1975)
are as follows:

Equation 19:  When <15% clay
Pl =Clay x 0.3
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Equation 20:  When 15 to 35% clay
Pl=Clay x 0.4

Equation 21:  When 35 to 55% clay
Pl =Clay - 21

Equation 22:  When >55% clay
Pl =Clay - 15

where:
Pl = Plasticity Index.
Clay = Weight percentage of clay a <2-mm base. Data are
reported on the PSDA Sheet, Tier 1, Column 4.

Columns 12 - 14: BULK DENSITY.

Bulk density, definition: Density is defined as mass per
unit volume. Soil bulk density is the ratio of the mass of
solids to the total or bulk volume. This total volume includes
the volume of both solids and pore space. Bulk density is
distinguished from particle density which is mass per unit volume
of only the solid phase (Blake and Hartge, 1986a). Patrticle
density excludes pore spaces between particles. Bulk density is
usually reported for the <2-mm soil fabric by subtracting the
mass and volume of rock fragments from the total mass and volume
(Brasher et al., 1966; Blake and Hartge, 1986a; SSL Staff, 1992).
This correction for rock fragments with >2-mm diameter requires
either knowledge or an assumption of the rock fragment density.
Estimate or measurement errors of rock fragment density affect
the accuracy of the soil bulk density value. The porosity of the
rock fragments is also a factor that must be considered when
correcting the values for soil bulk density and water holding
capacity.

Bulk density, data assessment: Bulk density is used to
convert from a weight to a volume basis; to determine the
coefficient of linear extensibility (COLE); as a parameter in
estimating saturated hydraulic conductivity; to detect pan layers
or other compacted material in soil profiles; to detect the
presence of significant amounts of volcanic ash and pumice in
soil material; to estimate the degree of weathering of rocks and
soils; to follow volume changes with soil genesis; to study gains
and losses of soil materials; and to evaluate the possibilities
of root impedance (Buol et al., 1980). A bulk density <0.90 g
cc™ (gecm ) at 1/3-bar water retention is a diagnostic criterion
for andic soil properties (Soil Survey Staff, 1994). Bulk

densities of Histosols range from 0.05 to 0.15 g cc * for fibric
and most of the hemic materials (Lynn et al., 1974). For sapric
materials, the range is wider, but densities >0.25 g cc * are
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limited to organic soils with <7 percent rubbed fiber, of which
most are from cultivated surface soil. Relationships have been
established between high bulk density and lack of root
penetration (Velhmeyer and Hendrickson, 1948). Bulk densities
>1.8gcc have been related to root growth impedance, and
densities of 1.6 to 1.8 g cc may indicate that aeration and
water movement are too low for optimum growth (NSSL Staff, 1975)
Some plow layers approach densities of 1.8 g cc , and most
duripans, fragipans, and petrocalcic horizons have densities this
high or higher (NSSL Staff, 1975). Refer to additional
discussion on physical root limitations (Grossman et al., 1994)
and on nonlimiting, restriction-initiation, and root-limiting
bulk densities for <2-mm family particle-size classes (Pierce et
al., 1983).
Bulk density, laboratory measurements: Bulk density is
highly dependent on soil conditions at the time of sampling.
Changes in soil volume (swelling) due to changes in water content
can alter bulk density. Soil mass remains fixed, but the soil
volume may change as water content changes (Blake and Hartge,
1986a). Bulk density, as a soil characteristic, is actually a
function rather than a single value, e.g., in shrinking-swelling
soils, bulk density changes with changes in soil water content
Therefore, the SSL adds subscripts to the bulk density notation,
Db, to designate the water state of the sample when the volume
was measured. The SSL uses the bulk density notations of Db o

Db,,, Db ,, and Db , for field state, 1/3-bar equilibration, oven-
dry, and rewet respectlvely The Db ,Db ,.,and Db , are reported
ingcc on a <2-mm base in Columns 12 - 14, respectlvely

Particle density, data assessment: Particle density affects
many of the interrelationships of porosity, bulk density, air
space, and rates of sedimentation of particles in fluids.
Particle-size analyses that use sedimentation rate, as well as
calculations involving particle movement by wind and water,
require information on particle density (Blake and Hartge,
1986b).

Even though there is a considerable range in the density of
individual soil minerals, in most mineral soils that are
predominantly quartz, feldspar, and the colloidal silicates, the
densities fall within the narrow limits of 2.60 to 2.75 g cc
(Brady, 1974). The particle denS|ty of volcanic glass is
approximately 2.55 g cc ' (van Wambeke, 1992). With unusual
amounts of heavy minerals, e.g., magnetite, garnet, epidote,
zircon, tourmaline, and hornblende present, the particle density
may exceed 2.75 gcc ' (Brady, 1974). Organic matter weighs much
less than an equal volume of mineral solids. Organlc matter has
a particle density of 1.2to 1.5 g cc , I.e., the amount of
organic matter in a soil markedly affects the particle denS|ty of
the soil (Brady, 1974).

Particle density, laboratory measurement: The calculation of
particle density of a soil sample requires two measurements, the
mass and the volume of the sample. The mass is determined by
weighing. The volume is determined using a pycnometer, an
instrument specifically designed to measure the volume of solid
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objects. The volume measurement is based on the Archimedes

principle of fluid displacement. This fluid is displaced by a

gas which can penetrate the finest pores thereby assuming maximum
accuracy. Helium is usually the recommended gas as its small

atomic dimension assures penetration in spaces approaching one
Angstrom (10 *° m) in dimension. The SSL either measures particle
density or assumes a default value of 2.65 g cc *. Particle
density is not reported on the SSL Primary Characterization Data

Sheets but, if determined, is reported on additional SSL data

sheets.
Column 12:  Bulk Density, Field Moist.
Bulk density, field state, measurements: Field state bulk
density (Db ) at field water content is the density at the time
of sampling. The SSL determines the Db . for moist soil cores of

known volume (procedure 4A3a); for natural clods (procedure
4Ala); and for weak or loose material for which the clod or core
method is unsuitable (procedure 4A5, compliant cavity method).
There are SSL Db | data by all these methods. At the present

time, the code set on the data sheet for Db . Is procedure 4A5
(compliant cavity method, procedure 4A5). The Db . is reported in
gcc * ona<2-mm base in this data column.
Column 13:  Bulk Density, 1/3 bar.

Bulk density, 1/3-bar, laboratory measurement: The SSL
determines the bulk density at 1/3-bar equilibration (Db us) Of

natural clods that have been saturated with water and desorbed to
1/3 bar (33 kPa) (procedure 4A1d) and the bulk density rewet

(Db ) of natural clods that have been equilibrated at 1/3-bar,
air-dried, and reequilibrated at 1/3-bar (procedure 4A1li). The

Db, is used to estimate the irreversible shrinkage of soils and

subsidence of organic soils. The Db 4 by procedure 4A1d for
natural clods is reported in g cc * on a <2-mm base in this data
column.

Column 14:  Bulk Density, Oven-Dry.

Bulk density, oven-dry, laboratory measurement: The SSL
determines bulk density (Db ) of natural clods that have been
oven-dried (105°C) by procedure 4A1h. The Db ;and Db |,
nearly equal in sandy soils, but the Db 4 Is greater than Db
smectitic soils. The Db , exceeds the bulk density of a dry soil
in the field. The Db 4 Is reported in g cc *"on a <2-mm base in
this data column.

may be

13 n

Column 15:  COLE, Whole Soil.
Coefficient of linear extensibility, definition: Coefficient
of linear extensibility (COLE) is a derived value that denotes
the fractional change in the clod dimension from a dry to a moist
state (Franzmeier and Ross, 1968; Grossman et al., 1968;
Holmgren, 1968). COLE may be used to make inferences about
shrink-swell capacity and clay mineralogy. The COLE concept does
not include irreversible shrinkage such as that occurring in
organic and some andic soils. Certain soils with relatively high
contents of montmorillonite clay have the capacity to swell
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significantly when moist and to shrink and crack when dry. This
shrink-swell potential is important for soil physical qualities
(large, deep cracks in dry seasons) as well as for genetic
processes and soil classification (Buol et al., 1980).

Linear extensibility percent, definition: COLE can also be

expressed as percent, i.e., linear extensibility percent (LEP).
LEP = COLE x 100. The LEP is not the same as LE. In the
Soil Taxonomy  (Soil Survey Staff, 1994), linear extensibility
(LE) of a soil layer is the product of the thickness, in
centimeters, multiplied by the COLE of the layer in question.
The LE of a solil is defined as the sum of these products for all
soil horizons (Soil Survey Staff, 1994). Refer to Soil Survey
Staff (1994) for additional discussion of LE. Refer to
additional discussion of LEP on the Supplementary Data Sheet,
Columns 69 - 73.
Coefficient of linear extensibility, calculation, whole-soil
base: The SSL calculates the COLE for the whole soil by procedure
4D1 (air-dry or ovendry to 1/3-bar suction). The COLE value is
reported in cm cm . Calculate COLE when coarse fragments are
present as follows:

Equation 23:

COLE/S = {1/ [Cm X (Db 1/3<2mm/Db d<2mn) + (1 - Cm) ]}1/3 - 1

where:
COLE, = Coefficient of linear extensibility on a whole-
soil base.
Db,..,.. = Bulk density at 1/3-bar water content on a <2-mm
base (gcc ). Data are reported on the PSDA
Sheet, Tier 2, Column 13.
Db,.,.. = Bulk Density, oven-dry or air-dry, on a <2-mm base

(g cc 7). Bulk density at ovendryness is
reported on the PSDA Sheet, Tier 2, Column 14.
Cm = Coarse fragment (moist) conversion factor. If
no coarse fragments, Cm = 1. If coarse
fragments are present, calculate Cm using

Equations 4 and 5 in Column 4 of the PSDA Sheet.

If no coarse fragments, Cm = 1, and the previous equation
reduces as follows:
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Equation 24:

COLE,. .
where:
COLE, = Coefficient of linear extensibility on a
whole-soil base.
Db,_,... = Bulk Density, oven-dry or air-dry, on a <2-mm base

(gcc ™). Bulk density at ovendryness is
reported on the PSDA Sheet, Tier 2, Column 14.
Db,.... = Bulk Density at 1/3 water content on a <2-mm base

(gcc ™). Data are reported on the PSDA Sheet,
Tier 2, Column 13.

Columns 16 - 19: WATER CONTENT.

Water content, definition: In soil science, water content
has traditionally been expressed as either a dimensionless ratio
of two masses or two volumes or as a mass per unit volume
(Gardner, 1986). When either of these dimensionless ratios is
multiplied by 100, the values become percentages, and the basis
(mass or volume) is stated. Conversions from gravimetric to
volumetric basis or vice versa require a measure or an estimate
of bulk density. In either case (mass or volume base), the
amount of water in the sample must be determined by either the
removal or measurement of the water or by determination of the
sample mass before and after water removal, i.e., dried to a
constant weight (Gardner, 1986). In addition, when precision is
critical, there must be criteria for determining the point at
which the sample is considered "dry". The SSL defines air-dry
and oven-dry weights as constant sample weights obtained after

drying at 30£5°C ( = 3 to 7 days) and 105+5°C ( =12 to 16 h),
respectively.
Water content, data assessment: Direct or indirect (index)

determinations of soil water content are generally required in
many soil studies. In the field, measurements or estimates of
soil water content are required to determine plant available
water. In the laboratory, soil water data are necessary to
determine and report many physical and chemical properties
(Gardner, 1986). In addition, soil water content may be used to
help determine the water retention function; water-holding
capacity; pore-size distribution; porosity of a soil sample at a
specific water content; and to calculate unsaturated hydraulic
conductivity.
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Water content, related expressions: Calculating the amount
of pore space and the amount of water in the pore space is often
a complex soil physics problem. Some general definitions and
relationships, e.g., bulk density and porosity, are required so
that comparisons between soils or soil scientists are
appropriate. Some of these definitions and relationships as well
as techniques to calculate soil water content (Skopp, 1992) are
as follows:

Equation  25:

P =M /V

s+v!

where:

p, = Bulk density of soll
= Mass of solids
V,,, = Volume of solids + volume of voids = volume of soil

Bulk density is highly dependent on soil conditions at the
time of sampling. Changes in soil swelling due to changes in
water content alters the bulk density. Once the bulk density is
specified, then the relative amount of pore space is also fixed.

The amount of pore space is usually described in terms of volumes
(ratio of volumes) as follows:

Equation 26:
g = V \/VS+V
where:
€ = Total porosity
V, = Volume of voids

V,,, = Volume of solids + volume of voids = volume of soll

Using the definitions for bulk density and particle density,
the derivation of a formula for porosity based on these
properties is as follows:

Equation 27:
e=1-(  p/p)

where:
€ = Total porosity
p, = Bulk density of soil
p, = Particle density of soil

50



This relationship is not empirical but is the result of
definitions that confirm that for every value of bulk density for
a specified soil there is one possible value of porosity.

However, a soil does not have one possible value for bulk
density.

Porosity is usually defined as a ratio of volumes which is
dimensionless, and as such, can just as easily be defined as a
ratio of equivalent depths. In order to make this relationship,

a comparison is required based on equal cross-sectional areas (A)
which comprise the volumes as follows:

Equation 28:
e=VvV /NV_=Ad /Ad, =d /.

where;:

€ = Total porosity

V, =Volume of voids

V_, = Volume of soil

A = Cross-sectional area
d, = Depths of voids

d, = Depths of soil

Unlike voids, which are usually related in terms of volume,
the amount of soil water can be expressed on either a mass
(gravimetric) or volumetric basis as follows:

Equation 29:
6n’l = M VI/MS

where:

6_= Gravimeteric water content
M, = Mass of water
M = Mass of solids

Equation 30:

where;:

6, = Volumetric water content
V, = Volume of water
V_ = Volume of soill

The gravimetric water is based on dry solids, whereas the
volumetric water is based on the volume of the soil (solids,
water, and gas) at the moisture content at the time of
measurement. These water content values can be related as
follows:
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Equation 31:

6,=( 6,x pJ)p,

where:
6, = Volumetric water
6, = Gravimeteric water
p, = Bulk density
p, = Particle density of water

The depth of water can be related to the volumetric water as
follows:

Equation 32:
d,=( 6,xd )

where:
d, = Depth of water

6, = Volumetric water
d. = Depth of soill

The maximum soil water content (saturation) is the point at
which all the voids are filled with water. Saturation may be
defined as follows:

Equation 33:

where:
0 = Volumetric water

v

E = Total porosity

In reality, saturated soils are uncommon since a small
amount of gas is typically present even after prolonged wetting,
i.e., the soil is satiated (Skopp, 1992). The water content of a
satiated soil has no fixed value and will change with time (as
gas diffuses out of soil) and is strongly dependent on the soil
water content prior to wetting as well as the manner of wetting
(Skopp, 1992).

A number of other expressions are used to characterize the
amount of water or air in the soil. These expressions (Skopp,
1992) are as follows:

Equation 34:
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where:
6, = Air-filled porosity
V_ = Volume of air
V.,, = Volume of solids + volume of voids = volume of soil

Equation 35:

6,=( 6/E)

where:
6, = Relative saturation

8, = Volumetric water
E = Total porosity

Equations 36 and 37:
A=V V.= A= &g(1- ¢

where;:

A =Void ratio
V. = Volume of voids

v

V. =Volume of solids

S

€ = Total porosity

Refer to additional discussion on bulk density on the PSDA
Sheet, Tier 2, Columns 12 - 14. Refer to additional discussion
on the calculation of air-filled porosity on the Acid Oxalate
Sheet, Tier 1, Column 9. Also refer to the discussion on pore
volume (drained + filled pores) at 1/3-bar water content on the
Supplementary Data Sheet, Columns 62 - 63.

Water retention: Water retention is defined as the soil
water content at a given soil suction (Gardner, 1986). By
varying the soil suction and recording the changes in soil water
content, a water retention function is determined. The water
retention function is dependent on particle-size distribution,
clay mineralogy, organic matter, and structure or physical
arrangement of the particles (Gardner, 1986). The water
retention function is also dependent upon hysteresis, i.e.,
whether the water is adsorbing or desorbing from the soil. The
relation between the soil water content and the soil water
suction is a fundamental part of the characterization of the
hydraulic properties of a soil (Klute, 1986). For many purposes,
water retention properties of individual soil horizons are more
usefully combined to form a complete profile, and the importance
of a large or small value for available water or air capacity
varies in relation to properties of neighboring horizons (Hall et
al., 1977). Agricultural, pedological, and hydrological
interpretation depend mainly on the assemblage of properties of
the whole profile (Hall et al., 1977). Refer to Appendix VI for
example water retention curves.
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Water retention, laboratory measurements: Soil water
retention data on the SSL Characterization Data sheets are from
water desorption procedures. Two desorption procedures are
commonly used to measure water retention, a suction method or a
pressure method. The SSL uses the pressure method (U.S. Salinity
Laboratory Staff, 1954) with either a pressure-plate or pressure-
membrane extractor. Soil samples are placed in close contact
with the porous plate or membrane in a closed vessel and
subjected to air pressure to establish a pressure difference
across the plate or membrane corresponding to the tension to be
established. Water moves out of the samples through the plate or
membrane until equilibrium is established. Water-content at
field moist and 1/10-, 1/3- and 15-bars (10, 33, and 1500 kPa,
respectively) are reported as percent gravimetric water content
on a <2-mm base in Columns 16 - 19, respectively. Refer to
Aerndix XII for data unit conversions, e.g., bar or kPa to Ib
in

Column 16: Water Content, Field Moist.

Field water content, measurement: Field water content at the

time of sampling is determined for soil cores, natural clods, or

for bulk samples by weighing, drying, and reweighing a soil
sample (procedure 4B4). Field-determined water-retention data
are usually lower than laboratory-determined water-retention data
because the confining soil pressure is not present in the
laboratory. Field-moist water content is reported as percent
gravimetric water content on a <2-mm base. Field moist water
content is calculated as follows:

Equation 38:
I\4+W - M S
HO% = 100 x ooooooo
M-M
where:
HO % Percent gravimetric water content

M.., = Weight of solids and H ,O (9) + container (g)
= Oven-dry weight of solids (g) + container (g)
M = Weight of container (g)

Columns 17 - 18 Water Retention, 1/10 and 1/3 Bar.

Field capacity, definition: The term  field capacity
first introduced by Veihmeyer and Hendrickson (1931) and has been
used widely to refer to the relatively stable soil water content
after which drainage of gravitational water has become very slow,
generally, within 1 to 3 days after the soil has been thoroughly
wetted by rain or irrigation. The intent of this concept was
twofold: (1) to define the upper limit of plant available water
retained by the soil; and (2) to provide a concept to encourage
farmers in irrigated regions not to irrigate excessively (Cassel
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and Nielsen, 1986). This water that is slowly draining is

assumed to be subject to interception by most plant roots and

therefore plant available (Salter and Williams, 1965). There are
several unstated assumptions to the field capacity concept, i.e.,

the soil is deep and permeable; no evaporation occurs from the

soil surface; and no water table or slowly permeable barriers

occur at shallow depths in the profile (Cassel and Nielsen,

1986).

The term in situ field water capacity is defined by Soil
Science Society of America (1987) as the content of water, on a
mass or volume basis, remaining in a soil 2 or 3 days after
having been wetted and after free drainage is negligible. A
problem with this definition is the difficulty in defining when
the drainage rate is negligible. Many factors affect the field
capacity measurement which include the conditions under which it
IS measured, e.g., initial saturation or presence of wetting
front, as well as the characteristics of the soil itself, e.g.,
degree of nonuniformity.

Field capacity, laboratory measurements: Laboratory
determinations of the field capacity of a soil are useful data
but are not necessarily reliable indicators of this value in the
field because of the effects of soil profile and structure.

Laboratory determinations are usually made by simulating the
tension that develops during drainage in the field by use of
pressure membranes or tension tables. There has been
considerable debate as to the appropriate tension to apply. In a
study by Richards and Weaver (1944), the average soil moisture
content at 1/3-bar pressure for 71 different soils (<2 mm)
approximated the moisture equivalent or field capacity of the
soils. Water content at field capacity may be overestimated from
sieved-sample data (Young and Dixon, 1966). Some studies have
indicated that the upper limit of plant available water may be
more appropriately represented in some soils by the moisture
contents at 0.1 or 0.05-bar water retention. As field capacity

has no fixed relationship to soil water potential, it cannot be
considered as a soil moisture constant (Kramer, 1969). The
amount of water retained at field capacity decreases as the soil
temperature increases (Richards and Weaver, 1944). Field
capacity is not a true equilibrium measurement but rather a soil
condition of slow water movement with no appreciable changes in
moisture content between measurements (Kramer, 1969).

Some investigators have attempted to remove the term field
capacity  from technical usage (Richards, 1960; Sykes and Loomis,
1967). However, its usage persists in both technical and
practical applications, and to date, no alternative concept or
term has been advanced to identify the upper limit of plant
available water (Cassel and Nielsen, 1986). It has been argued
from a practical standpoint that the concept of field capacity be
clarified and maintained until a viable alternative is advanced
(Cassel and Nielsen, 1986).
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Column 17:  Water Retention, 1/10 Bar.

Water retention, 1/10 bar, coarse materials: Water retention
at 1/10 bar (W 11 ) May be used as the upper limit of plant
available water for coarse materials. According to the Soil
Survey Manual (Soil Survey Division Staff, 1993), coarse
materials are defined as follows: if strongly influenced by
volcanic ejecta, soil material must be nonmedial and weakly or
nonvesicular; and if not strongly influenced by volcanic ejecta,
soil material must meet the sandy or sandy-skeletal family
particle-size criteria and also be coarser than loamy fine sand
with <2 percent organic C and <5 percent water at 1500 kPa
suction; and computed total porosity of <2-mm fraction must >35
percent. Refer to Soil Survey Division Staff (1993) and Grossman
et al. (1994) for additional discussion on coarse materials and
the significance of soil water content at lower suctions, e.g.,

0.05 and 0.1 bar, as well as suggestions for the selection of
these lower suctions for the determination of water retention
difference (WRD).

Water retention, 1/10 bar, laboratory measurements: The SSL
determines W, for natural clods (procedure 4B1c); for <2-mm air-
dry samples (procedure 4B1a); and for soil cores (procedure
4B1d). The W . by procedure 4B1c for natural clods is reported
as percent gravimetric water content on a <2-mm base in this data
column.

Column 18:  Water Content, 1/3 bar.
Water retention at 1/3 bar, laboratory determinations: The
SSL determines water retention at 1/3 bar (W s ) for natural clods
(procedure 4B1c); for <2-mm air-dry samples (procedure 4B1la); for
soil cores (procedure 4B1d); and for rewet soils (procedure
4Ble). The W for natural clods is usually measured in
conjunction with 1/3-bar bulk density (Db us) (procedure 4A1d).
Refer to discussion on Db s Onthe PSDA Sheet, Tier 2, Column 13.
The W,,, for <2-mm samples may be used for nonswelling, loamy sand
or coarser soils, and for some sandy loams. The water retention
rewet is usually measured in conjunction with bulk density rewet
(Db ) (procedure 4Ali). The rewet water retention (4Blc, 4Ble)
and bulk density are used to estimate changes in physical
properties of a soil as it undergoes wetting and drying cycles.
The W,,, by procedure 4B1c for natural clods is reported as
percent gravimetric water content on a <2-mm base in this data
column.

Column 19:  Water Retention, 15 Bar.
Permanent wilting point, definition: The term  permanent
wilting percentage or point  (PWP) has been used widely to refer
to the lower limit of soil water storage for plant growth. The
establishment of this lower limit of available water retained by
the soil reservoir is of considerable practical significance
(Cassel and Nielsen, 1986). Briggs and Shantz (1912) defined
this lower limit, first termed wilting coefficient , as the water
content at which plants remain permanently wilted (assuming that
leaves exhibit visible wilting), unless water is added to the
soil. Briggs and Shantz (1911 and 1912) conducted a large number
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of measurements on a wide variety of plants and found little
variation in the soil water content at which wilting occurred

(Kramer, 1969). Other investigators (Richards and Wadleigh,

1952; Gardner and Nieman, 1964) determined that the soil water
potential at wilting for indicator plants, e.g., dwarf sunflower,
approximated -10 to -20 bars with a mean value of -15 bars. The
percentage of water at 15-bar retention has become identified

with PWP and is frequently used as an index of PWP (Richards and
Weaver, 1943; Kramer, 1969).

The PWP criteria (Briggs and Shantz, 1912) were later
modified by Furr and Reeve (1945) to include the incipient
wilting point, the water content at which the first (usually
lower) leaves wilted, and the permanent wilting point, a much
lower soil water potential at which all the leaves wilted. The
incipient wilting percentage is related to the lower limit at
which soil water is available for plant growth, i.e., water
extraction may occur at lower contents. In addition, there is no
physical reason why continued water extraction may not occur
after growth ceases or even after plant death (although much
reduced because of stomatal closure) (Kramer, 1969). The PWP is
defined by Soil Science Society of America (1987) as the water
content of a soil when indicator plants growing in the soil wilt
and fail to recover when placed in a humid chamber (usually
estimated by the water content at -15 bar soil matric potential).

In general, there is a considerable range in water content
between incipient and the permanent wilting percentage (Gardner
and Nieman, 1964).

Permanent wilting point, soil-related factors: There are
many factors that may affect the onset of and visible wilting of
plants in the field. Some of these factors include the soill
water conductivity as well as the transient inability of the
water supply system in the plant to meet evaporative demand
rather than to conditions associated with permanent wilting
(Kramer, 1969). Slatyer (1957) criticized the concept of PWP as
a soil constant and defined wilting as the loss of turgor (zero
point of turgor), which is primarily associated with osmotic
characteristics of the leaf tissue sap, i.e., wilting occurs when
there is a dynamic balance between the plant and soil water
potentials. Soil water potential at wilting can vary as widely
as the variation in osmotic potential in plants, ranging from -5
to -200 bars (Kramer, 1969). Furthermore, in the equilibrium
measurement (Briggs and Shantz, 1912), the PWP is merely a
function of the index plant for any given soil. However, because
of the shape of the water potential/water content curve of soils,
marked changes in water potential often accompany small changes
in water content, so that for practical purposes, the PWP or the
percentage at 15-bar retention can still be viewed as an
important soil value (Kramer, 1969). This approximation is
particularly appropriate for most crop plants, as the osmotic
potentials of many species range from -10 to -15 bars (Kramer,
1969).

Water retention at 15-bar, data assessment: The maximum size
pore filled with water at 15 bar is 0.2-um diameter. This
diameter is in the clay-size range. For this reason, a high
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correlation usually exists between this water content and clay

percentage (NSSL Staff, 1983). In the Keys to Soil Taxonomy
(Soil Survey Staff, 1994), clay percentages may be estimated by
subtracting the percent organic C from the 15-bar water content

and then multiplying by 2.5 or 3. Refer to the Keys to Soil
Taxonomy (Soil Survey Staff, 1994) for the appropriate use of

these estimates, e.g., criteria for oxic and kandic horizons and

oxidic mineralogy class. The percent water retained at 15-bar

suction (dried and undried samples) is also used as a criterion

for modifiers that replace particle-size classes, e.g., ashy and

medial classes, and for strongly contrasting particle-size

classes, e.g., ashy over medial-skeletal (Soil Survey Staff,

1994). Refer to the Keys to Soil Taxonomy (Soil Survey Staff,
1994) for a more detailed discussion of these criteria.

Water content at 15-bar, laboratory determinations: The SSL
determines water retention at 15 bar (W 15) for <2-mm air-dry
samples (procedure 4B2a) and for <2-mm field-moist samples
(procedure 4B2b). The W s determination requires <2-mm sieved
samples in order to provide adequate capillary contact. The W 5
for <2-mm field-moist samples is not reported on this data tier
but is reported on the Acid Oxalate Sheet, Tier 1, Column 12.

The W, for <2-mm air-dry samples is reported as percent
gravimetric water content in this data column.

Column 20:  Water Retention Difference (WRD), Whole Soil.

Available water capacity, definition: The term available
water capacity (AWC) refers to the availability of soil water for
plant growth and is usually considered the amount of water
retained in a soil between an upper limit termed field capacity
and a lower limit termed permanent wilting percentage (PWP). The

Soil Science Society of America (1987) defines available water as
the portion of water in a soil that can be absorbed by plant
roots and is the amount of water released between in situ field
water capacity and the PWP (usually estimated by water content at
soil matric potential of -15 bars). These upper and lower limits
represent a range which has been used in determining the
agricultural value of soils. The importance of AWC relates to
the water balance in the soil during the growing season, i.e.,
difference between evapotranspiration and precipitation. The
calculation of the water retention difference can be used in the
approximation of the AWC.

Available water capacity, soil-related factors: Available
water capacity varies widely in different soils. In general,
finer-textured soils have a wider range of water between field
capacity and permanent wilting percentage than do coarser-
textured soils. In addition, in finer-textured soils, the slope
of the curve for water potential over water content indicates a
more gradual water release with decreasing water potential,
whereas coarser soil materials, with their large proportion of
noncapillary pore space and predominance of larger pores, usually
release most of their water within a narrow range of potential
(Kramer, 1969). Available water capacity only approximates the
soil's ability to retain or store water and does not provide an
estimate of the supplying capacity of a soil or even the amount
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that plants extract. The supplying capacity is affected by many
factors, e.g., hydraulic conductivity, stratification, run-off,
run-on, irrigation, rainfall, osmotic potential, and the plants
themselves. Caution is required when using readily available
water data because the availability of water depends on many
factors. For example, deep rooting in the whole soil profile can
compensate for a narrow range of available water in one or more
soil horizons as opposed to restricted root distribution combined
with a narrow range of available water.

Available water capacity, plant growth: The range of
available water for plant survival is substantially greater than
that available for good growth. In addition, within the range of
available water, the degree of availability usually tends to
decline as soil water content and potential decline (Richards and
Wadleigh, 1952; Kramer, 1969). There is no sharp limit between
available and unavailable water. The PWP is only a convenient
point on a curve of decreasing water potential and decreasing
availability (Kramer, 1969). However, the range of soil water
between field capacity and PWP constitutes an important field
characteristic of soils when interpreted properly (Kramer, 1969).

Water retention difference, definition: The calculation of
the water retention difference (WRD